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In commercially existing electric vehicles (EVs), power is transferred from the motor to 
the wheels through a fixed gear mechanical transmission system. However, such a 
transmission system contributes to a power loss between 2% to 20% of output power of 
the motor depending on the operating speed and torque of the motor. Therefore, by 
removing the transmission, a direct–drive EV configuration is obtained with lower 
component count, improved motor to wheel efficiency and frequency dependent losses. 
However, challenges in developing a single on–board permanent magnet synchronous 
machine (PMSM) for such a configuration include high torque density, low torque ripple 
and high torque per permanent magnet (PM) volume. Therefore, this dissertation proposes 
a novel PMSM addressing the aforementioned challenges for a direct–drive application.  
Initially, the design targets, stator and rotor configuration and phase numbers of the PMSM 
are chosen to satisfy the requirements of a direct drive application. A novel torque and 
torque ripple model based on multiple reference frames is proposed, in which the torque 
ripple from spatial harmonics of flux, inductances and the time harmonics of stator currents 
are included. Using the analytical model, optimal slot–pole combination of the machine is 
selected based on adaptive gradient descent algorithm.  
A new consequent pole rotor topology is proposed to improve the torque density and torque 
per PM volume thereby reducing the usage of expensive rare earth magnets. The proposed 
PMSM with novel rotor is further improved in terms of torque density, losses and cost by 
performing an intensive structural optimization based on novel hybrid analytical model, 
finite element analysis and supervised learning. The optimized PMSM is then analyzed for 
various drive cycles and performance in terms of torque, speed and efficiency are 
vii 
 
discussed. A scaled–down prototype of the proposed PMSM is developed and 
comprehensive experimental analysis in terms of torque ripple, torque–speed 
characteristics and efficiency are performed under different speeds and load conditions and 
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1.1. Overview and Motivation 
Gasoline prices, energy security concerns and environmental awareness are the 
converging forces driving behavior change at the policy, regulatory and consumer level 
toward electric vehicles (EVs). As the 21st century progresses, sustainable transportation 
technology in the form of EVs is critical for entering the next great age of transportation– 
the electric age. Manufacturers worldwide have accelerated the production of EVs, and 
between 2016 and 2017, sales of EVs grew by 54% [1]. It is predicted that there will be up 
to 228 million EVs worldwide by 2030 [2]. Based on comparisons across the leading EV 
models, the mean manufacturers suggested retail price difference between EV and internal 
combustion engine (ICE) vehicles today is over $13,000 and as of 2018, EVs offer a range 
of over 300 miles [1]. To capture share in this rapidly growing market for EVs, automotive 
industries across the supply chain must address two main challenges; 1) Reducing the price 
and the total cost of the vehicle. 2) Delivering increased performance. Hence, this 
dissertation aims at enhancing the performance and reducing the overall and operational 
costs of the electrified vehicle through technical advancements in electric machine. 
Although electric machines have already been there for decades, the most suitable electric 
machine and propulsion drive for EV traction application still calls for research and 
development as high reliability, high efficiency, compact size, weight, cost, fault tolerance, 
high torque density and high power density are key factors for an electric drive system. An 
EV traction machine must be able to deliver high instant power; high torque at low speeds 
for starting and climbing; to produce high power at high speeds for cruising and have a 
high power density (power output/volume). The machine must also have a very wide 
constant power speed range as well as high torque at the constant torque region. In addition, 
high efficiency for wide speed and torque ranges, as well as for regenerative braking is 
required [3]. Figure 1.1 shows the desired torque–speed and power–speed characteristics 
from an EV traction machine. The electric machines must be designed to achieve high 
reliability and robustness for various vehicle operating conditions. Reasonable cost is 
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another priority that needs to be addressed during the design process. Electric machine 
weight and volume based on the size of the vehicle needs to be considered as well. 
Additionally, the energy storage system specifications and DC bus level will also influence 
the machine design. 
 
Figure 1.1. Desired Torque–Speed and Power–Speed characteristics from an EV traction motor. 
 
1.2. Direct–Drive EV 
In a commercially available EV, the power is transferred from the motor to the wheels 
through a clutch or torque converter, fixed gearbox, differential and drive shaft [3]. The 
power flow in a commercially available EV is shown in Figure 1.2. Images of a fixed gear 
transmission and differential in a conventional EV is shown in Figures 1.3(a) and (b) [4]. 
Table 1.1 presents details of output power, peak torque and maximum speed of motors 
employed in EVs such as Nissan Leaf, Ford Focus, Tesla S 85 and Chevy Spark. Table 1.1 
also presents the fixed gear ratio in each of these EVs which multiplies the motor torque  
 























































Figure 1.3. Fixed gear transmission system in a conventional EV [4]. (a) Fixed gear transmission system 
including fixed gearbox, differential and drive shaft. (b) Differential only. 
and makes it available at the wheels of the EV.  Hence, the fixed gear box multiplies the 
motor torque and divides the motor speed by the gear ratio. This is the reason existing EV 
motors are low–torque high–speed motors.  Wherein, when the gear ratio is high, less rated 
torque is required and this results in a higher maximum speed requirement. For producing 
less torque, the machine can have small dimensions and less weight when compared to a 
high torque machine. Hence, in commercially existing EVs, power is transferred from the 
motor to the wheels through a fixed gear mechanical transmission system. However, such 
a transmission system is found to contribute to a power loss between 2% and 20% of the 
output power of the motor depending on the operating speed and torque of the motor [6], 
[7]. Figure 1.4 illustrates the traction motor transmission losses as a function of motor  
TABLE 1.1. POWER, TORQUE, FIXED GEAR RATIO AND SPEED OF SOME COMMERCIALLY 















Nissan Leaf 10,200 254 7.94 2,017 1,285 
Chevy Spark 4,500 542 3.17 1,718 1,420 
Ford Focus 11,660 331 7.8 2,584 1,495 




Figure 1.4. Transmission losses as a function of motor output power in a conventional EV. 
output power and speed [6], [7].   
This leads to the concept of a single on–board motor direct–drive scheme for EV which 
is expected to yield improved motor–to–wheel efficiency in the EV drivetrain system. The 
proposed direct–drive EV eliminates the fixed gears resulting in a direct transfer of motor 
power to the wheels through a differential. Figure 1.5 shows the direct–drive EV 
configuration proposed in this dissertation. The motor shaft is considered to be hollow, 
through which the differential shaft passes and rotates as the motor shaft rotates. TM4 has 
a direct–drive powertrain implemented for heavy duty vehicles [13]. Direct–drive 
configuration in conjunction with high performance permanent magnet (PM) motors are 
popularly used in washing machines, wind turbines, in–wheel drive of electric vehicles and 
aerospace applications. A literature survey on direct–drive permanent magnet motors 
illustrates that studies have been conducted on analysis of multi–polar surface PM 
machines and flux–switching PM machines for wind generator application [8], design of 
axial–flux machines and optimal slot pole combinations for in–wheel motors [9], [10], and 
methods have been proposed for reduction of cogging torque and torque ripple [11], [12]. 
This dissertation considers an EV direct–drive powertrain that has a single on–board motor 
as shown in Figure 1.5 that is used for traction unlike other papers that focus on in–wheel 
direct–drive motors.   
According to the author’s knowledge, there exists no commercial electric car 





































Motor output power (% of rating) 
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drive concept considered here is different from in–wheel hub motors which would increase 
the unsprung weight and affect handling and ride of the EV. An EV propelled by an electric 
machine and its drive does not require a transmission to cater to vehicle’s torque 
requirement at different speeds unlike in a gasoline vehicle propelled by ICE. However, 
major design challenges involved in such a gearless system is the trade–off between the 
size and power capacity of the electric machine as the torque required by the wheel shaft 
is completely provided by the motor which may result in an increase in motor size. The 
motor is required to deliver high torque at the start and maintain high efficiency in a large 
operating range within limited space, weight and cost constraints. The advantages of a 
direct–drive system with electric machine will be [14]:  
1. High efficiency of the powertrain 
The transmission can be responsible for approximately 2 to 20% of energy losses 
inside the powertrain due to mechanical friction. Considering that the battery packs 
remain the most expensive and important component inside an electric vehicle, 
making the most of the energy carried by the vehicle is critical. By removing the 
transmission in a direct–drive configuration, high motor to wheel efficiency can be 
achieved. 
2. Low maintenance 
A motor system integrated with multiple other components such as a gearbox 
assembly might be hard to access on a standalone basis and ultimately, failure of one 
of the components might prevent you to use the motor altogether. Such scenarios can 
make maintenance more complex or costly. Therefore, in a direct–drive configuration 
low maintenance is required. 
3. High reliability 
Removing the gearbox means that you can remove out of the equation the most 
mechanically complex and maintenance intensive part of an electric vehicle. With a 
direct–drive motor connected to the axle, the only mechanical wear you have in your 
powertrain is the driveshaft bearing and the axle itself. Both are designed to last the 
lifespan of the vehicle. 
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4. Low frequency related losses in the electric machine 
Lower frequency induced losses in the PM machine due to its lower maximum speed 
operation compared to a typical high–speed traction machine. 
     
Figure 1.5. Proposed on–board single motor direct–drive configuration for EVs.  
The challenges in realizing such a direct–drive system will be:  
1. Torque density of the electric machine 
As seen from Table 1.1, the torque at the wheels calculated with the gear ratio, is 
now the target torque to be produced by the electric machine. The torque delivered 
by an electric machine is proportional to the dimensions of the machine. Therefore, 
size and weight of the electric machine increases as the torque required by the wheel 
shaft is completely provided by the motor. Obtaining high torque per volume of the 
machine is the primary design challenge for a direct–drive application. 
2. Torque ripple in the electric machine 
Minimization of torque ripple is important for electric motors, because it is the main 
cause of vibration and acoustic noise at the wheels [15]. Torque ripple is created by 
harmonics in the electromagnetic torque, which exist in all electric machines 
regardless of type or design. The harmonics are created by non–idealities in the 
electromagnetic fields produced by the rotor and stator interaction. Torque ripple 
can be represented as  
   
 
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Torque ripple in the electric machine, generated due to non–sinusoidal induced and 
air–gap electro motive force (EMF), created due to the space and time harmonics, 
space harmonics as a result of machine design and time harmonics from the 
machine control techniques, now directly transferred to the wheels, which 
otherwise are generally damped by the mechanical parts in a transmission system 
in existing EVs [16]. 
1.3. Permanent Magnet Synchronous Machines for Direct–Drive EV 
In recent years, EVs employ mainly induction machines (IMs) and permanent magnet 
synchronous machines (PMSM) [17]–[19]. Comparative performance studies of these two 
kinds of electric machines are conducted in [18] and [19] in the context of EVs. PM 
machines deliver superior performance in terms of power density, efficiency, reliability 
and technology maturity. Due to its high–power density and efficiency, PMSMs are more 
favorable for EV application. PMSM are generally categorized based on their rotor 
structure as surface mounted PMSM (SPMSM) and interior PMSM (IPMSM) which are 
widely adopted for EV application. These two structures are shown in Figure 1.6. 
Application of both the rotor configurations in industrial machines are shown in Figure 1.6. 
Comparing SPMSM and IPMSM, SPMSM has magnets on the surface of the rotor and a 
simple structure. It is also easier to manufacture. Whereas, IPMSM has magnets embedded 
in the rotor yoke and has a more complicated rotor structure as shown in Figure 1.6. The 
constant power region seen in Figure 1.1 is dependent on the inductance of the 
 
 
         (a)                                       (b) 




                                  
(a)                                                          (b) 
Figure 1.7. Industrial PM machines with different rotor topologies. (a) Surface mount PMSM. (b) Interior 
PMSM. [20] 
flux path. In the case of an SPMSM, since the reluctance of magnet and reluctance of air 
is the same, the inductances are low thereby reducing the constant power region. For 
IPMSM, this constant power region is wider. In IPMSM, since the magnets are embedded 
inside the rotor yoke, they have higher mechanical integrity compared to SPMSM and can 
be used for high speed application. Whereas, SPMSM is preferred for low speed 
application due to its low mechanical integrity. In the case of SPMSM, since the magnets 
are placed near the airgap, the air–gap flux is more sinusoidal when compared to IPMSM 
and flux linkage is higher than IPMSM for the same magnet volume. This leads to more 
average torque production. For a direct–drive EV application, the following are the 
requirements of the eletric motor: 1) sinusoidal EMF; 2) high torque density with low 
torque ripple; 3) Low speed application. SPMSM satisfies all the aforementioned 
requirements when compared to IPMSM. Therefore, in this thesis, for developing a PM 
machine for direct–drive EV, SPMSM is selected for the baseline rotor topology.  
Similar to the rotor topologies, PMSM are categorized based on stator winding 
configuration as distributed wound PMSM and concentrated wound PMSM. There are 
other winding configurations as well, such as concentric windings, however, the above two 
types are the ones being commercially used in EVs. The winding connections for both 
types of windings are shown in Figure 1.8. As seen from Figure 1.8, concentrated windings 
(CW) have a coil span of unity i.e. the start of the coil and finish of the coil are in adjacent 





means the start of the coil and the finish of the coil are at least two slots away. In the case 
of CW, the end length for each turn is short and less complex. In a coil wound machine, 
the length along the stack length of the machine 
      
                                                    (a)                                                              (b) 
Figure 1.8. Commonly used stator winding configurations in EVs. (a) Concentrated wound machine. (b) 
Distributed wound machine. 
produced useful flux, whereas the turning/bending length outside the slot called the end 
winding produces leakage flux. For CW, since the start and finish of coils are in adjacent 
slots, the end winding length is short when compared to DW. Due to this, there is less usage 
of copper in CW and copper loss is also less than DW. For CW configuration, a higher 
amount of copper can fit into one slot, which results in high torque density compared to 
DW configuration [21]. CW configuration also provides a wider constant power region 
[21]. As discussed previously, SPMSM for the rotor configuration has one drawback of 
low constant power region, therefore using CW configuration in stator along with SPMSM 
rotor can overcome this disadvantage. For the stator configuration in this thesis, CW has 
been chosen. The main drawback of CW configuration is non–sinusoidal magneto motive 
force (MMF) leading to high space harmonics in the machine. These space harmonics 
produced by the machine result in torque ripple, which is one of the design challenges in a 
direct–drive application.  
Few studies have been performed for torque ripple reduction and torque density 
improvement in PM machine through design for direct–drive application. A multi–tooth 
flux switching PM machine has been designed to achieve high torque density [22]. 
However, in this type of machine the magnetic circuit saturates quickly due to increase in 
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current as a result of high flux switching. By combining a magnetic gear and a conventional 
permanent magnet machine into one frame, different magnetic gear integrated PM machine 
with high torque density for direct–drive application is developed in [23]. This paper 
proposes a novel pseudo PM machine with magnetic gears utilizing less PM and thereby 
reducing cost. However, in this type of machine configuration the power factor at all speed 
range is low, leading to poor efficiency. In [24], an outer rotor torque dense brushless PM 
motor has been proposed for in wheel direct–drive EV yielding a high copper fill factor 
and a compact end winding with minimal overhang. The torque and power density 
improvement from an inner rotor configuration was expected to improve significantly due 
to increase in effective inner diameter of the machine. However, this increase was found 
to be small. Heat transfer in such machines is difficult and an inner stator is difficult to 
cool. A closed form analytical model for designing an SPMSM with increased torque 
density for direct–drive application has been discussed in [25] for both DW and CW stator 
winding configurations. However, the model developed is specific to wind power 
application and cannot be used for EV application. In [26], a slot less axial flux PM 
machine has been developed for wheel direct–drive application to improve torque density. 
The paper implements a new multistage topology to overcome the restriction on the 
machine diameter and meet the torque required at the wheel shaft. However, the number 
of magnets used in this type of axial PM machine is high thereby increasing the cost of the 
machine. In addition, the unbalanced magnetic forces on the machine is high which results 
in unsprung mass causing vibrations. 
Scanty literature study on torque ripple reduction in PM machines for direct–drive 
application has been performed. [27] investigates the torque ripple features of a PM flux 
switching machine for direct–drive application. The effects of different geometry on torque 
ripple such as rotor pole arc width, stator slot width has been studied using finite element 
analysis (FEA). Three torque ripple reduction techniques are proposed for three different 
rotor pole configurations. The techniques proposed are uniform skewing of magnets, step 
skewing of magnets and axial pairing. All the techniques implemented increase 
manufacturing difficulty to a great extent. It has been observed that by skewing the magnets 
and implementing axial pairing, these techniques alleviate the cogging torque but are less 
effective on overall torque ripple reduction. In [28], a material efficient asymmetrical 
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distribution of magnets has been implemented to reduce torque ripple in a direct–drive 
PMSM. Further, the effectiveness of the asymmetrical distribution on back EMF 
harmonics, cogging torque and overall torque quality is comprehensively examined. 
However, in this technique there is a certain extent of deteriorated mechanical strength due 
to which it might not be suitable even for allowed speed applications. A simple solution to 
minimize torque ripple in SPMSM using different magnet widths is proposed in [29]. The 
principle of that simple solution is illustrated, where a magnet with different widths is used 
so that the flux density distribution in the machine is substantially changed. It was found 
that the torque ripple can be reduced using this technique with reduction in average torque 
production. This technique also results in increased fabrication difficulty. In [30], the 
effects of rotor step skewing to reduce torque ripple in PMSM for direct–drive application 
has been studied. This resulted in peculiar and asymmetrical torque waveforms with an 
inevitable reduction in average torque. [31] proposes a novel stator design which introduces 
uneven stator poles to reduce space harmonics and improve back EMF waveforms for 
direct–drive application. An outer rotor configuration is used for using it as in–wheel PM 
machine. With the help of complicated flux barriers in the stator core the torque ripple was 
reduced along with reduction in average torque due to increase in leakage flux. Considering 
the limited literature study on torque density improvement and torque ripple reduction 
through advancements in electric machine design for direct–drive application, in this thesis 
the aforementioned challenges are addressed to overcome the drawbacks in the existing 
literature. Further background literature corresponding to various topics presented in this 
dissertation is provided in the respective chapters. 
1.4. Research Objectives of this Dissertation 
Considering the research challenges in developing a electric machine for direct–drive 
EV application, in this dissertation two main objectives have been formulated.  Since 
SPMSM and CW stator windings have been selected for baseline design, the main 
challenge with this configuration of stator and rotor is high space harmonics generated due 
to winding distribution leading to torque ripple. In order to understand the impact of such 
a winding distribution on harmonics and torque profile, conventional machine models 
cannot be used as they do not consider the effect of harmonics on torque profile. Therefore, 
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developing an analytical model considering the effects of space harmonics generated due 
to CW configuration is of utmost importance. Another main challenge in using a PMSM 
for a low–speed application is the cost of rare earth magnets. Compared to all the 
components of an PM machine, magnets are the most expensive. Speed for any machine is 
inversely proportional to the number of poles in the rotor, which in this case is the number 
of magnets. Therefore, for a low speed application, a high number of magnets are required 
thereby increasing the cost of the machine. Hence, obtaining maximum torque with 
mininum PM volume is a challenge in direct–drive application. Summarizing all the 
challenges in developing an electric machine for direct–drive EV application, this 
dissertation has two objectives: 
1) Develop a novel analytical model for torque and torque ripple for CW PMSM 
incorporating space harmonics 
2) Using the proposed analytical model, develop an advanced CW PMSM for direct–
drive application with 
• Minimum torque ripple 
• High torque density 
• High torque per PM volume 
To achieve the above two objectives, a research workflow dividing these objectives into 
sub–objectives has been discussed below and is shown in Figure 1.9. 
a) Set design targets for which the machine has to be developed for a direct–drive 
application. 
b) Develop a structural closed form equations based model for obtaining initial 
structural data of the machine. 
c) Develop a novel torque and torque ripple model for CW PMSM considering space 
harmonics. Experimentallly validate the model for any CW PMSM. 
d) Using the proposed model, select the slot and pole numbers resulting in low torque 
ripple and high torque density for the machine to be developed. 
e) With the slot pole numbers and the structural data, develop the electromagnetic 
model of the baseline machine and analyze its performance using FEA. 
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f) Improve the stator and rotor structure and perform structural optimization using 
advanced optimization techniques and  the proposed analytical model  to obtain high 
torque density, low torque ripple and high torque per PM volume. 
g) Analyze the performance of the optimized design under various drive–cycles for a 
direct–drive EV. 
e) Develop a prototype of the proposed PMSM and perform comprehensive testing to 
validate the improved torque density, torque per PM volume and reduced torque 

















Figure 1.9. Research workflow of this dissertation 
 
1.5. Research  Contributions 
This dissertation proposes a novel CW PMSM design with low torque ripple, high torque 
density and high torque per PM volume. Major contributions are listed as below: 
1.Analytical Model 
o Design Targets 
o Torque and Torque Ripple Model 
o Slot–pole Selection 
 
2. Electromagnetic Analysis 
3. Structural Optimization 
5. Prototype Development 
4. Drive–cycle based Analysis 
6. Testing and Performance Analysis 
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1) A novel extended dq–frame based accurate torque and torque ripple model for n–
phase CW PMSM has been proposed. This model incorporates higher order space 
harmonics in the PM flux linkage and inductances thereby computing torque 
accurately for any phase machine.  
2) Based on the proposed torque and torque ripple model, optimal slot–pole 
combination is selected for minimum torque ripple. Novel harmonic factors such 
as inductance and EMF harmonic factors are derived based on the dq–frame model 
and slot pole combinations with least values of these harmonic factors are selected. 
3) A novel consequent pole–based rotor topology utilizing less rare earth magnets is 
proposed and improving torque per PM volume is proposed. Further, an advanced 
hybrid extended dual dq–frame model and support vector regression based multi–
objective optimization is performed for torque profile improvement 
4) Magnetic equivalent circuit–based magnet shaping is performed in the rotor for 
reduction of torque ripple.  
1.6. Dissertation Layout 
Chapter 2 presents the scaled–down design targets for which the PMSM will be developed. 
A closed form equations to compute structural parameters of the baseline PMSM is 
derived. A comprehensive investigation of number of phases in the PM machine is 
analysed based on harmonics, torque density, torque ripple and other loss characteristics. 
Chapter 3 proposes a novel extended dq–based torque and torque ripple model for CW 
PMSM for any phase number. Initially, the drawbacks of using conventional dq–frame 
model for analysis of CW PMSM is discussed. Further, the extended dq–frame model 
based on multiple reference frame transformation is derived. This proposed model is 
experimentally verified for a laboratory CW PMSM. 
Chapter 4 proposes a novel inductance and EMF harmonics factors. Using these factors, 
an optimal slot–pole combination is selected with reduced space harmonics and high torque 
production for a CW PMSM. 
Chapter 5 investigates different phase angle displacements in between winding phase sets 
in the stator. A comprehensive analysis for different phase angles in terms of losses, torque 
characteristics, edge forces and demagnetized is discussed. 
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Chapter 6 proposes a novel rotor topology with reduced use of rare earth magnets. Further, 
an advanced design optimization technique is proposed using hybrid of proposed model 
from chapter 3 and supervised machine learning. The optimization is performed on the 
baseline topology to improve torque density, torque per PM volume and reduce torque 
ripple. 
Chapter 7 presents analysis of the optimized proposed PMSM for various drive–cycles. 
Torque–speed points for urban and highway drive–cycles are analyzed for the 
characteristics obtained from the proposed PMSM.  
Chapter 8 presents the prototype development of the proposed PMSM and its testing for 
performance analysis. Various stages of prototype development are illustrated and 
discussed in detail. Further, performance testing using the lab’s testing facility is presented. 
The proposed PMSM is experimentally validated for the research objectives, torque 
density, torque ripple and torque per PM volume. 
Chapter 9 summarizes the work in this dissertation and the limitations of the proposed 
PMSM are also discussed. Possible solutions to overcome these limitations are outlined. 
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Performance Targets, Phase Selection and Structural Design of 
Electric Motor  
2.1. Introduction 
This chapter presents the performance targets set for machine design by converting Ford 
Focus 2018 into a Direct–drive EV. Firstly, the design targets are fixed for a converted 
small utility vehicle such as Ford Focus 2018 direct–drive EV that is currently a traction 
EV based vehicle in the automotive market. Closed form analytical equations are used to 
calculate the maximum speed and torque to be obtained at the wheels and to be delivered 
by the direct–drive motor. Thereafter, these design targets are scaled–down based on the 
testing facility available at CHARGE Labs in the University of Windsor. Upon fixing the 
design targets, conventional machine sizing equations are discussed for determining the 
structure and the dimensions of the motor. Further, a comparison of three and six–phase 
CW SPMSM is performed to select the phase number for the direct–drive application. 
2.2. Machine Design Targets for a Converted Ford Focus 2018 Direct–
drive Electric Vehicle 
As an intial step towards designing direct–drive permanent magnet motors for EVs, it is 
important to set targets for torque and speed ratings for the electric motor that is to be 
designed for a Ford Focus 2018 vehicle shown in Figure 2.1, that is currently a traction EV 
based vehicle. In this section, the objective is to set the continuous and peak torque, rated 
and maximum speed, rated voltage of the machine to be used in Ford Focus direct–drive 
EV. The traction motor, inverter with the gear assembly being used in Ford Focus 2018 
vehicles, is shown Figure 2.2. In the existing traction motor, knowing: a) The maximum 
torque capacity of the motor Tm, b) Gear ratio ig, and, c) efficiency of the transmission 
system η, the maximum torque at the wheels can be calculated using (2.1) [1]. Tw is 
considered as the peak torque required on the wheels. In a direct–drive EV, the torque at 
the wheels is the same as the desired torque from the motor. 
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pogw TiiT                                                         (2.1) 
The continuous torque can be considered as half of the peak torque. From (2.2) and (2.3), 
the maximum speed on the wheels, Nw, which is the maximum speed of the motor, can be 
obtained by knowing the fixed gear ratio. From the wheel speed in revolutions per minute 









                                                        (2.3) 
Detailed vehicle dynamics equations, vehicle parameters and torque–speed points for a 
particular drive–cycle for a converted Ford Focus direct–drive EV is discussed in Chapter 
7. The maximum voltage that can be obtained from the inverter is dependent on the DC 
voltage available. The motor targets for a converted Ford Focus direct–drive EV  calculated 
using (2.1) – (2.3) are listed in Table 2.1. The torque ripple and torque density targets are 
defined based on the Freedom CAR 2020 specifications set by the US Department of 
Energy [2]. Typically to realize the direct–drive scheme for bigger vehicles such as 
minivans or pick–up trucks is easier where the weight of transmission is larger and even 
the transmission efficiencies are lower when compared to small utility vehicles. Therefore,  
 
Figure 2.1. Ford Focus 2018 vehicle under consideration for implementing, simulating and analyzing the 
direct–drive motor topology [3]. 
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                                        (a)                                                                          (b) 
Figure 2.2. PMSM, inverter and transmission in Ford Focus 2018 vehicle. (a) PM motor with inverter 
mounted on top being tested at our CHARGE labs. (b) Gear assembly in the vehicle with a gear ratio of 7.8. 
for a small utility vehicle the mininum weight of the transmission is approximately 28 kg 
and weight of the existing motor with casing and shaft is 37.5 kg. This gives an allowance 
of maximum weight of 65 kg for the direct–drive motor. By eliminating the transmission, 
the efficiency of the powertrain is better, however to minimize the weight of the powertrain 
as well, the overall weight of the motor and the inverter must be kept below the overall 
weight of the motor, inverter and transmission. Hence, one of the objectives of the e– 
TABLE 2.1. FULL SCALE MACHINE TARGETS FOR CONVERTED FORD FOCUS 2018 EV 
Ratings Full Scale Targets[4] 
Power 
Continuous 45.8 kW 
Peak 92 kW 
Torque 
Continuous 1079 Nm 
Peak 2170 Nm 
Base Speed 
Wheel 60 km/hr 
Motor < 405 rpm 
Maximum Speed 
Wheel 185 km/hr 
Motor 1,400 rpm 
Motor Weight < 65 kg 
Inverter Weight (existing EV inverter) 12 kg 
Torque Density > 7.5 Nm/kg 
Torque Ripple < 10 % 





motor design in this thesis is to obtain minimum weight while achieving target performance 
characteristics. 
Based on a small test bench available at the CHARGE Labs in the University of Windsor, 
the continuous torque ratings were scaled down for the same target speeds. The 
dynomometer in the small test bench is rated for 70 Nm, therefore for a scaling factor of 
15.5, the continuous torque and peak torque are scaled down and presented in Table 2.2. 
Correspondingly, for rated and maximum speed targets of 405 rpm and 1,400 rpm 
respectively, the continuous and peak power target values are computed as 3 kW and 6 kW 
respectively. Targets such as DC bus voltage and modulation technique are defined based 
on the existing laboratory inverter and control techniques. 
TABLE 2.2.  SCALE–DOWN MACHINE TARGETS FOR CONVERTED FORD FOCUS 2018 EV 
Ratings Scaled–down Targets[4] 
Power 
Continuous 3 kW 
Peak 6 kW 
Torque 
Continuous 70 Nm 
Peak 140 Nm 
Base Speed 
Wheel 60 km/hr 
Motor 405 rpm 
Maximum Speed 
Wheel 185 km/hr 
Motor 1,400 rpm 
Active Motor Weight < 15 kg 
Inverter Weight (existing EV inverter) 12 kg 
Torque Density >7.5 Nm/kg 
Maximum DC bus Voltage 400 VDC 
Inverter Modulation Sine PWM 
Torque Ripple < 10 % 
Efficiency > 95 % 
2.3.  Structural Sizing Model for Scaled–down Prototype 
In this section, base dimensions of the machine are calculated  to obtain the target torque, 
power and speed. Initially, the main dimensions of the machine, namely, stator inner 
diameter (D) and stack length (Lst) are unknown for a specific value of magnetic loading 
(Bav) and electric loading (ac). The values of Bav and ac for a PMSM in electric vehicles 
are assumed to be in the range of 0.7 T to 0.9 T and 2.5 x104 A/m to 4 x 104 A/m 
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respectively [4]. Bav and ac as a function of main dimensions can be represented as in (2.4) 










                                                         (2.5) 
Where, p is number of poles, Iz is the per–phase current, Z is the total number of copper 
conductors in the stator and φ is the flux per pole [5]. 
Winding layout details such as the coil span, number of layers are necessary in order to 
calculate the angular slot pitch which is used to estimate the fundamental winding factor, 
kw [6], [7]. Knowing the desired output power in kVA, rated speed in rotations/second ns, 
kw, Bav, ac, and assuming a desired rated efficiency of 95% and power factor of 0.9, D2L 
can be calculated for a machine using (2.6) and (2.7).   
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C avw                                                   (2.7) 
After obtaining the D2Lst product, D and Lst can be separately calculated using (2.8): 
stLK
D
                                                        (2.8) 
where, K can range between 1.1 and 1.5 [4].  
In order to compute the current and voltage ratings of the machine, initially, flux per pole 
is computed using (2.9). The line to line rms voltage rating of the machine can be 
determined from the DC bus voltage Vdc and the modulation index Ma, which is assumed 
to be unity as shown in (2.10). For a DC bus voltage of 400 VDC and sine PWM 
modulation, a rated voltage of 200 VLL–rms was obtained using the equation (2.10). 
p
DLBav                                                         (2.9) 
dcarmsLL VMV 612.0                                                  (2.10) 
Based on the VLL–rms, the phase induced voltage Eph is calculated considering the machine 
to be star connected. In order to obtain the phase voltage of Eph with sinusoidal distribution, 
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the number of turns required per phase Tph and the per phase rated current Iph can be written 
















                                                         (2.12) 
Further, the conductor diameter is determined based on current density. In industrial 
standards a current density (δs) value between 7.5 A/mm2 and 14 A/mm2 is assumed. Based 













                                                           (2.14) 
The overall diameter of the conductors can be thereafter modified with standard AWG 
charts of wires with consideration of insulation. For the calculated diameter of the wire 
from equation (2.14), the area of each slot is computed based on the slot fill factor. Fill 
factor is defined as the ratio of copper area per slot to the area of the slot. For practical 
applications, a slot fill of 55% is achievable for round conductors.  
Keeping the stator slot area, stator inner diameter, stator outer diameter, fixed, the 
limitation for torque production out of the machine came from the maximum flux density 
points at various parts of the machine. The machine was designed keeping a maximum 
stator teeth flux density Bteeth limit of 1.5 T to 1.7 T [5]. It was assumed that the stator uses 
a DW310 steel and the SPMSM rotor was designed using DW310 steel and NdFeB 45 
magnets. In order to calculate the magnet dimensions in rotor, the amount of ATmag 
(magnetomotive force–MMF) required to travel the flux path for one pole pair was 
calculated. Hence, the total MMF along the flux path for one pole pair would be a 
summation of AT at different parts of the stator and rotor as seen in equation (2.15) [5]. 
    yokecoreteethairgapmag ATATATATAT  22                         (2.15) 
Due to the slotted armature, the reluctance offered by the air–gap is higher compared to 
a smooth armature configuration directly influencing the flux density. The ratio of these 
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two reluctances gives the gap contraction factor, kg. The form factor, kf is the ratio of 
average flux density over the pole pitch to the maximum flux density in the air–gap, Bg. 
The mmf required for air–gap having a length lg, can be calculated as [5]: 
gggairgap BlkAT 800000                                           (2.16) 
The mmf of teeth is obtained by finding flux density at 1/3rd height from the narrow end, 
Bt/3. Using the saturation limits of teeth flux density of 1.7 T, the width of the teeth is 









                                                  (2.17)  
where  is the pole arc to pole pitch ratio, usually taken as the reciprocal of kf and Li is the 
net iron length of the stator core which takes into account the stacking factor of 0.95. 
Similarly, for a saturation limit of 0.8 T in the stator core (Bcore), the depth of the cores, 






                                                   (2.18) 
The length of the flux path in the stator core can be calculated based on the physical 
dimensions of the stator core and slot depth. 
                 corecorecore latAT                                                   (2.19) 
 
The rotor yoke material used is DW310 electrical steel same as that of the stator. The depth 
of the yoke, dyoke is computed using (2.20) based on the saturation limit of 0.65 T fixed for 






                                                   (2.20)    
The most common ferromagnetic material, NdFeB was used for magnets with grade 45. 
It has a remanent flux density, Br of 1.45 T and coercitivity Hc of –890 kA/m at 25oC. 
Assuming a leakage coefficient of 0.9, the magnet flux Φm = 0.9 T [6]. From (2.15) the 
ATmag is calculated based on the flux required in the air–gap for producing the MMF at 













                                                     (2.22) 
mrrm HBB  0                                                (2.23) 






                                                   (2.24) 
From equations (2.21)–(2.24), the magnet dimensions are calculated. The geometrical data 
for the baseline CW SPMSM can be obtained  from the closed form equations provided in 
this section. 
2.4.  Phase Number Selection  
In this section the phase number for the baseline PMSM to be developed for direct–drive 
EV application will be analyzed. Number of phases as a multiple of 3 is better as there will 
be no additional harmonic components in torque equation [6]. In order to understand the 
advantages of multiples of 3 phases, a case study comparing 36–slot/30–pole CW PMSM 
as a 3–phase and 6–phase machine is performed in this section. For phase numbers greater 
than six, the control and modulation algorithm is complex to implement and the size of 
power components increases [8],[9]. 
Case Study: Comparison of three– and six– phase 36–slot/30–pole CW SPMSM 
Constant power speed range (CPSR) of any PM machine depends on d–axis inductance 
and permanent magnet flux linkage. In a direct–drive EV to obtain a minimum CPSR, 
either the magnet flux linkage (λm) should be increased or the d–axis inductance should be 
lesser than that for a regular EV. Increasing λm, calls for change in magnet dimensions 
further affecting machine’s performance characteristics. Therefore, in order reduce the 
effective d–axis machine inductance; an effort is made to reduce the leakage inductance of 
the SPM machine. This leakage inductance consists of three components namely – 
harmonic leakage, slot leakage and end–winding leakage inductance. The end–winding 
leakage inductance for FSCW is small when compared to distributed windings and 
therefore, is neglected. The harmonic leakage inductance is due to the space harmonics 
present in the machine which can be reduced significantly by optimal selection of slot–pole 
combination, winding configuration and number of phases. 
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A slot/pole/phase of 2/5 is selected as it delivers high torque density with low cogging 
torque, reduced leakage inductance and less radial net force on the machine [10]. A 36–
teeth/30–pole configuration is chosen as a case study motor in order to satisfy the low speed 
requirement of direct–drive motors. The single–layer and double–layer 36/30 SPM 
configurations are compared based on space harmonics using winding function harmonics. 
The winding configuration with lesser harmonic content is further designed and analyzed 
for CPSR and magnet losses. The phase distributions implemented for the chosen single 
and double–layer configurations are illustrated in Figure 2.3. Winding function for any 
phase distribution can be expressed as in (2.25) 
      N n n                                                       (2.25)  
where n(θ) the turn’s function which defines the turns is enclosed by a flux path and {n(θ)} 





Figure 2.3. Phase distribution for one unit of 3–phase 36–teeth/30–pole. (a) Single layer. (b) Double–layer. 
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Fourier transformation of the winding function is carried out to understand the space 
harmonic components contributing to harmonic leakage inductance for both single and 
double layer concentrated windings as shown in Figure 2.4 Alternate teeth wound machines 
are observed to have higher amplitude of winding harmonics when compared to all teeth 
wound. Therefore, single layer 36/30 yields higher leakage inductance when compared to 
its double–layer counterpart making it unsuitable for direct–drive application. 
 
Figure 2.5. Loss and efficiency curves over the entire speed range corresponding to continuous torque and 
power operation calculated by FEA.  
 
Figure 2.6. Output torque and power characteristics over the entire speed range obtained using the 
electromagnetic model of the machine in conjunction with maximum torque per ampere control scheme with 
a voltage constraint of 450 VDC and 165 A rms/phase and maximum current of 400 A rms/phase. 
The 3–phase 36/30 double layer SPM is modelled in FEA. The machine was designed 
for an operating temperature of 120oC, the temperature effect on demagnetization is taken 

































































characteristics of the machine under rated conditions, pure sinusoidal current excitations 
are given. 
Loss characteristics for the designed 3–phase double–layer 36/30 SPM machine are 
illustrated in Figure 2.5. The harmonics in the air–gap flux density increases with speed, 
hence the magnet loss at high speed is maximum and is almost close to winding loss. The 
magnets can be segmented axially to reduce the loss at high speeds, but this makes the 
manufacturing process more complicated and expensive.  
The capacity of the machine in terms of continuous power, torque and speed for both 
constant torque and flux weakening regions are obtained as illustrated in Figure 2.6. At 
rated speed of 500 rpm a continuous torque of 875 Nm is obtained. A constant power is 
maintained up to a maximum speed of 3,000 rpm. Hence, a CPSR of 6 is obtained. For a 
vehicle speed near 55 km/hr in a direct–drive EV, a CPSR of 4 is sufficient thereby, leaving 
a scope of reducing the harmonic leakage inductance further reducing the effective d–axis 
inductance. The choice of 6–phase configuration over 3–phase is expected to reduce space 
harmonics, leakage inductance and magnet loss. 
2.4.1. Analysis of Slot Harmonics and Leakage Inductances in the Case Study 6–
Phase 36/30 Direct–drive FSCW SPM Using Winding Function Theory 
Deriving knowledge from analysis conducted in the previous section, a 6–phase 36/30 
FSCW configuration is considered for investigation to mitigate issues observed in the 
designed 3–phase machine such as: a) Harmonic leakage inductance and b) Magnet loss. 
As seen in Figure 2.6., since the designed 3–phase machine has a CPSR more than 4 while 
delivering desired rated and peak torque ratings, the harmonic leakage inductance can be 
reduced in such a direct–drive motor to yield desired power output characteristics. 
Moreover, it is expected that harmonic leakage inductance can be reduced by mitigating 
the space harmonics and this will also reduce magnet eddy current loss. Thus, in this 
section, a 6–phase FSCW SPM machine of the configuration shown in Figure 2.7(a) is 
analyzed keeping the same stator and rotor as in the 3–phase machine, with only change in 
the stator winding configuration. Initially, the space harmonic spectrum of the proposed 
machine which includes the effect of sub–harmonics and the slot harmonics is analyzed. 
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While the sum of harmonic leakage inductance and magnetizing inductance is derived from 





Figure 2.7. Phase distribution and winding distribution in the 6–phase 36/30 FSCW SPM.  (a) 6–phase 
configuration. (b) Winding distribution for one unit of the 6–phase 36/30 FSCW SPM designed. 
function in order to estimate the effective d–axis inductance contributing to the CPSR of 
the machine. 
Typical 6–phase machines yield advantages such as reduced per–phase inverter switch 
rating and fault tolerance when compared to their 3–phase counterpart [11]. The 6–phase 
machine considered here is unconventional as the number of turns/slot and rated 
current/phase is similar to its 3–phase counterpart, however the 36 slots under the same 
frame size as in the 3–phase machine has been divided among 6 phases here. Hence, the 
coils/phase will be reduced, ultimately yielding a lesser self– and mutual phase winding 
inductances which ultimately yield a combination of harmonic leakage and magnetizing 
inductance. However, the disadvantage of such a 6–phase winding configuration when 
compared to a typical 6–phase system is that switches in the inverter will have the same 
current rating as their 3–phase counterpart due to the similar per–phase current rating. 
Apart from direct–drive traction, such a motor and inverter system configuration finds 
application in low voltage DC bus technology in EV due to the reduced voltage rating 
X  A A′  Y′ Y  B′ B  C′ C  Z′ Z   X’ 
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required to yield desired output power characteristics [12]. Reduction in voltage is 
compensated by currents in 6 phases to yield the same input power. 
The phase distribution of the double layer 6–phase machine is shown in Figure 2.7(b) 
and corresponding winding function diagram plotted for cycles per 2π mechanical radians 
and space harmonic spectrum of the proposed configuration is presented in Figures. 2.8(a) 
and (b) respectively. It is important to note that the 15th order harmonics is the synchronous 
component in the 36/30 FSCW SPM machine under consideration contributing to the 





Figure 2.8. Winding function diagram and harmonics spectrum for proposed six–phase 36 teeth/ 30 pole 
































Figure 2.8 (b), it is seen that the 3rd and 9th order are sub–harmonic components which 
cause harmonic leakage inductance and induce high rotor losses [14]. When compared to 
winding harmonics for the 3–phase 36/30 machine designed, magnitude of sub– harmonics 
is reduced significantly in the 6–phase FSCW SPM machine under consideration. The 
phase self– and mutual inductances (Laa, Lax) of the 6–phase machine can be estimated 
analytically as a function of rotor position using (2.26) and (2.27) with the help of winding 



























                                            (2.27) 
where rg is the air–gap radius and Na(θ) and Nb(θ) are winding functions for Phase A and 
Phase B respectively. The winding function for Phase B can be obtained by shifting Phase 
A winding function by 1200 electrical. 
Further, the phase self– and mutual inductances (Laa, Lax) waveforms of the 6–phase 
machine can also be obtained through the electromagnetic model of the machine in 
conjunction with FEA. Waveforms of Laa and Lax are analyzed for harmonics using Fast 
Fourier Transform (FFT) and are expressed as a function of DC component L1 and M1 and 
first order harmonic component L2 and M2 respectively as in (2.28). If higher order 
harmonics are obtained from the harmonic analysis of Laa and Lab, they must be included 
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                               (2.28) 
The 6–phase inductance matrix consisting of self– and mutual inductances as a function 
of rotor position (θ) shown in (2.28) are transformed to d– and q–axis inductances by 
applying park’s transformation as in (2.29), 
  16 6dq abcL TL T

                                                       (2.29)  
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where T is the transformation matrix for the 6–phase machine. The d– and q– axis 
inductances are computed using (2.28)–(2.30) and are expressed as in (2.31).  The higher 
order harmonics in self–inductance and mutual inductance is found to contribute to the 
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(2.30) 
difference between d– and q–axis inductance for a FSCW SPM machine which is unlikely 
in the case of distributed winding SPM machine[13]. 
Therefore, for the 6– phase machine the difference in d– and q–axis inductances is 
expected to be small when compared to its 3–phase counterpart due to reduced higher order 
harmonics. 
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                                           (2.31) 
To understand the effect of slot on harmonics and leakage inductance, slot harmonics 
orders are analyzed in the harmonic spectrum and slot permeance function is used to 
calculate slot leakage inductance. The orders of slot harmonics present in the machine with 
S slots and p pole pairs can be characterized by k=vS±p where v is an integer [14]. From 
Figure 2.8(b), the first slot harmonic component is the 21st harmonic which has the worst 
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impact as it is the closest to the fundamental component [12]. However, the amplitude of 
21st harmonics remains the same in both the 3– and 6–phase machines as it is independent 
of number of phases and the slot dimensions in both the machines are the same since the 
6–phase machine utilizes stator and rotor of the 3–phase machine. Further, slot leakage 
inductance for the 6–phase 36/30 FSCW machine under consideration with double layer 
winding is calculated using (2.32)–(2.35) assuming the same slot geometry as that of the 
3–phase machine as shown in Figure 2.9.  
                        
Figure 2.9. Slot configuration for double layer winding configuration. 
The slot leakage inductance for double–layer semi–closed slots with ns conductors per 
slot can be written as in (2.32).Hence, a procedure to calculate the total d– and q–axis 
inductances including the slot, harmonic and magnetizing inductances of 6–phase FSCW 
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The specific slot permeance for left layer can be expressed as in (2.33) where ws1=ws2=ws/2.  
3 11 2





s s s o o
h w hh h
w w w w w w
  
          
                        (2.33) 
Similarly, for the right layer as in (2.34). 
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2.5. Performance Analysis of the 3–Phase and 6–Phase Machines under 
Maximum Torque Per Ampere Control Scheme 
Electromagnetic model of the designed 6–phase and 3–phase 36/30 FSCW SPM 
machines are analyzed using FEA and MTPA control for various performance 
characteristics under steady–state condition. A cross–section (for one unit) of 3–phase 
36/30 designed in Section II and 6–phase 36/30 are presented in Figure 2.10(a) and (b) 
respectively. 
                             
                                                                   (a)                                    (b) 
Figure 2.10.  Cross–sections of the 3–phase and 6–phase FSCW SPM machines under consideration showing 
phase distribution. (a) 3–phase 36/30 double layer FSCW SPM machine.  (b) 6–phase 36/30 double layer 
FSCW SPM machine. 
2.5.1. Steady–state Analysis of Torque–Speed and Power–Speed Characteristics 
The torque–speed and power–speed curves for 6–phase 36/30 FSCW SPM machine 
obtained under MTPA control with a voltage constraint of 160 VLL–rms and current 
constraint of 165 A rms/phase are illustrated in Figures 2.11(a) and (b) respectively. The 
characteristics were obtained as a result of MTPA control applied on the electromagnetic 
model of the machine in FEA environment over the full speed of the machine. As seen in 
the Figures 2.11(a) and (b), a continuous torque of 910 Nm at rated motor speed of 500 
rpm and maximum speed of 2,000 rpm corresponding to a CPSR of 4 for continuous power 
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ratings is obtained.  Based on the winding harmonic analysis conducted in Section II and 





Figure 2.11. Torque and output power characteristics over the entire speed range for 6–phase 36/30 FSCW 
SPM with constraints of 160 VLL–rms and 165 A rms/phase. (a) Power vs. speed. (b) Torque vs. speed. 
 
Figure 2.12. Average torque for 3–phase and 6– phase 36/30 FSCW SPM machines at rated condition of 500 
















3-phase 36/30 6-phase 36/30
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of torque producing harmonic component (15th order harmonics in electrical domain) when 
compared to its 3–phase counterpart. Therefore, the average torque at rated operation of 
500 rpm, 165 A rms/phase and 275 VLL–rms for 6–phase is 3.4% higher than 3–phase as 
shown in Figure 2.12. Also, the peak–peak torque ripple has reduced in the 6–phase 
machine compared to that of the 3–phase machine. 
2.5.2. Analysis of Open–circuit Characteristics and Harmonics Spectrum  
The open–circuit characteristics for 3–phase and 6–phase machines are analyzed for rated 
speed. The PM flux linkage waveforms for 3–phase and 6–phase SPM machines as seen in 
Figure 2.13 are near sine waves which assists reduction of torque ripple. Since the objective 
here was to design the 6–phase machine using the existing 3–phase machine stator with 36 
slots and 30 poles, the number of coils/phase in the 6–phase machine reduces by half but 
since the winding factor increases, the resultant open circuit PM flux linkage reduced from 
0.1762 Wb.T in 3–phase SPM to 0.092 Wb.T in the 6–phase SPM machine. Figure 2.14  
 
Figure 2.13. PM Flux linkage for 3–phase and 6–phase 36/30 FSCW SPM machines at 500 rpm. 
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Figure 2.15. Space harmonics in radial air–gap flux density for three–phase and six– phase 36 teeth/ 30 pole 
double layer FSCW. 
shows the open–circuit air–gap flux density for 6–phase machine. The harmonic spectrums 
of radial air–gap flux density waveforms as a function of rotor position are plotted for 3–
phase and 6–phase 36/30 as shown in Figure 2.15 It is observed that the 6–phase SPM 
machine has no sub–harmonics when compared to that of 3–phase SPM machine. 
2.5.3. Analysis of Electrical and Magnet Eddy Current Losses 
The 3–phase and 6–phase 36/30 machines are designed for an operating temperature of 
120oC in the windings and magnet. M19 29G steel and NdFeB 35 magnets having a Br of 
1T and Hc of –639 kA/m are used in both the machines. Magnet and core losses are 
analyzed under rated loading condition when all the phases carry pure sinusoidal current 
excitations of 165 A rms/phase at frequency corresponding to 500 rpm. The rotor core and 
magnet losses are mainly induced due to sub– and higher order harmonics components in 
the air–gap flux density [14]. Moreover, these losses are also a function of the rate of 
change of air–gap flux density waveform. This is also apparent from results presented in 
Figure 2.16 and as seen in (2.36)–(2.37). For the 6–phase 36/30 machine magnet loss 
reduces by 4 % when compared to that of the 3–phase machine. Core loss is 4.5% lesser in 
6–phase machine when compared to that of 3 phase machine. As a result of the lesser rate 
of change of air–gap flux density in 6–phase machine, it is expected that the minimum 










































                                                 (2.36) 
where χ is the magnet resistivity and Jn is the amplitude of current density harmonics 









                                                     (2.37) 
2.5.4. Comparison of Inductances in 3–phase and 6–phase Machines Designed 
Figures 2.17 (a) and (b) show the saturated self– and mutual phase inductances for double 
layer 3–phase and 6–phase 36/30 FSCW SPM machines obtained at a condition of 165A 
rms/phase and 500 rpm from FEA.  Amplitudes of various harmonic components of self– 
and mutual phase inductances obtained through FFT of respective inductance waveforms 
for the 3–phase and 6–phase SPM machines are presented in Table 2.3.  Self– and mutual 
inductances of the 6–phase SPM machine contain a dominant DC component when 
compared to other components in their harmonic spectrum. The amplitudes of higher order 
harmonic components in the 6–phase SPM machine are lesser when compared to that of 
the 3–phase SPM machine. The saturated d– and q–axis inductances are calculated for 3–
phase and 6–phase 36/30 machines as shown in Table 2.4. The total dq axis inductance 
consists of slot leakage, harmonic leakage and magnetizing inductance. The magnetizing 
inductance can be calculated using (2.38)–(2.40) with the help of structural parameters. 
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where, coefficient Kh represents the number of times flux line passes through the magnet.  
 
TABLE 2.3. D– AND Q– AXIS INDUCTANCES FOR THE   3–PHASE AND 6–PHASE FSCW SPM 
MACHINE  
 Ld=Lmd+Lls Lq=Lmq+Lls Lslot Lmd 
3–Phase 596 µH 611 µH 30 µH 56  µH 
6–Phase 247 µH 268 µH 30 µH 29.9 µH 
 
TABLE 2.4.  HARMONIC SPECTRUM OF THE PHASE SELF AND MUTUAL INDUCTANCES IN THE 
3–PHASE AND 6–PHASE FSCW SPM MACHINE (FEA) 
DC and Harmonic 
Components 
3–Phase 6–Phase 
Laa Lab Laa Lax 
DC 520 µH 65 µH 194 µH 66 µH 
2nd Harmonic 30 µH 4 µH 12 µH 4.5 µH 
4th Harmonic 10 µH 2 µH 3 µH 1 µH 
6th Harmonic 0 µH 1 µH 1 µH 0.5 µH 
8th Harmonic 0 µH 0.5 µH 0 µH 0.1 µH 
 
  







































Figure 2.17. Self and mutual phase inductance waveforms at 165A rms/phase and 575 rpm rated condition. 
(a) 3–phase 36/30 SPM machine. (b) 6–phase 36/30 SPM machine. 
It is 2 for a SPM machine. Ksd is the d–axis saturation factor usually between 1–1.2 and m 
is the number of phases. Carter’s coefficient, Kc=1.5, Kw=0.933 and Tph=84 are chosen 
while for a 6–phase machine, Kc=1.5, Kw=0.965 and Tph=42 is used. It is observed that even 
for a SPM machine there is a slight difference in d– and q–axis inductance due to higher 
order harmonics. However, the total dq axis inductances have decreased in the 6–phase 
machine due to the reduction of space harmonics. 
2.6.  Discussions and Summary 
The stator leakage inductance, magnet loss and space harmonics of a 6–phase 36/30 
FSCW SPM machine have been investigated. An analytical method to calculate d– and q–
axis inductance using winding function inductances has been proposed. It has been found 
that there is a difference in d– and q–axis inductances even for a SPM machine due to 
higher order harmonics in self– and mutual inductances. As the number of phases in the 
36/30 machine increases from 3 to 6 phases, a significant reduction harmonic leakage 
inductance and magnet losses is observed. The torque producing harmonics component for 
the 6–phase 36/30 SPM machine increased when compared to its 3–phase counterpart, 
thereby increasing the torque density by 3.4%.  
In this chapter, for  Ford Focus 2018 vehicle parameters, the  performance targets such 
as maximum speed, base speed, continuous and peak torque ratings  for a  full–scale direct–
drive e–motor was calculated based on closed form equations. These design targets were 
scaled–down based on the testing facility available at CHARGE labs. Further, a detailed 
structural sizing model including the diameter and length of the machine, slot and magnet 
dimensions etc. for the baseline machine was discussed. Furthermore, for selecting the 
number of phases in the scaled–down PMSM, a comprehensive study on comparison of 3 
and 6 phase CW SPMSM was performed and 6–phase SPMSM with double–layer winding 
configuration was selected due to reduced magnet loss, less leakage inductance and space 
harmonics, high fault tolerant capabilities and high torque density when compared to its 
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Multiple Reference Frame–based Extended Concentrated 
Wound PMSM Model  
3.1. Introduction 
Concentrated windings (CW) are used extensively due to their high torque density, high 
slot fill factor and less end winding length [1], [2]. However, as previously discussed, they 
suffer from high space harmonics content [3]. These sub– and high harmonic fields rotate 
at different speeds and directions with respect to the rotor leading to non–sinusoidal 
distribution of flux linkages and inductances [4], [5]. In an ideal model, these parameters 
are considered to be sinusoidal [6]. Also, they are transformed from abc frame to dq frame 
using a single rotating reference frame limited to fundamental electrical frequency 
corresponding to rotor speed. This model is applicable to distributed wound (DW) 
machines with near sinusoidal magneto–motive force (MMF). However, in case of CW 
machines, which has non–sinusoidal MMF distribution with high space harmonics content, 
the accuracy of the ideal model is limited [7]. The electromagnetic torque computation for 
CW using the ideal model can lead to optimistic results deviating from actual 
characteristics. Therefore, it is essential to develop an accurate and simplified machine 
model representing these sub– and high harmonic content to develop more accurate control 
methodologies and determine the performance for such non–sinusoidal PM machines. 
Existing methods for analytical modelling of CW machines are presented in [8]–[14]. 
Linear and non–linear modelling of CW including magnetic saturation and cross–
saturation are presented in [8]–[10]. Methods to compute dq–axis flux linkages and 
inductance using finite element analysis are presented in [11]. Experimental approach 
towards calculating inductances with cross–magnetization and saturation is presented in 
[12]. An analytical model for determination of winding inductances for CW and DW 
machines is presented in [13]. In [14], parameters of fractional slot CW are obtained using 
finite element analysis (FEA) and the voltage equations are modeled to compute 
electromagnetic torque. However, all these approaches deal with only fundamental 
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components of flux linkages and inductances and compute only average electromagnetic 
torque. 
Several methods to represent torque ripple in CW PM machines are presented in [15]–
[17]. A modified dq–axis model which predicts torque ripple using lumped circuit model 
for CW machines is presented in [15]. The torque ripple component is calculated using 
coefficients which are independent of machine parameters. An enhanced model in dq 
reference frame capable of predicting torque ripple has been presented in [16]. Torque 
ripple has been computed using space harmonics in magnet flux but non–idealities and 
higher order harmonics in inductances were ignored. In [17], average and ripple torque for 
CW interior PMSM is derived incorporating higher order harmonics in flux linkage and 
inductance. However, the model does not include phase angles of harmonic components 
and has increased complexity in dq–axis based electromagnetic torque equations. In 
addition, all these models use a single rotating dq reference frame corresponding to 
fundamental frequency, and hence is inconvenient to include the effects of harmonics, 
resulting in complex position dependent electromagnetic torque equation. 
In this chapter, a novel analytical model has been developed for electromagnetic torque 
determination using multiple reference frames (MRF) incorporating non–sinusoidal 
aspects of CW machines. In the proposed MRF based model, initially, the PM flux linkage 
and inductances in abc frame are derived as a function of higher order harmonics. The 
derived PM flux linkage and inductances are transformed using a single rotating frame at 
fundamental frequency. Consequently, the next step is to further transform the extended 
dq–axis model using reference frames corresponding to the rotational speed of the 
dominant harmonics in PM flux linkages and inductances to make its rotor–position 
independent. The electromagnetic torque is derived based on principle of superposition for 
all the dominant harmonics of CW PMSM. The proposed extended dq–axis model with 
multiple reference frame transformation has been validated using FEA on the developed 
electromagnetic model and experimental analysis for a laboratory 30–slot, 20–pole CW 
PMSM for different loading conditions. 
3.2. Ideal Model of PMSMs 
In an ideal model, the spatial winding distribution is considered sinusoidal leading to 
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sinusoidal waveforms of PM flux linkages and inductances [6]. Stator flux linkage in the 
abc frame is written as in (3.1), where, iabc are the stator phase currents, ψPM,abc represent 
the 3–phase PM flux linkages defined as in (3.2) and Labc is the 3–phase inductance matrix 
defined as in (3.3). Superscript ‘T’ denotes transpose of the matrix. 
abc,PMabcabcabc iL                                                  (3.1) 


















                                                    (3.3) 
The PM flux linkage for phase x is as follows, 
 phPMphPM  sin,                                                (3.4) 
where, θ is the rotor position in electrical radians, ΨPM is the amplitude of the flux linkage 
and ϕph is the phase displacement of phases a, b, c which is 0, 2π/3 and –2π/3 respectively. 
The self inductances of any phase x (Lxx) and mutual inductance between phase x and y 
(Mxy) are written as in (3.5) and (3.6) respectively [17]. 
 phlsxx LLLL  2cos20                                             (3.5) 
 phxy MMM  2cos20                                                 (3.6) 
where, Lls is the leakage inductance, parameters with subscripts ‘0’ and ‘2’ denotes the DC 
component and second harmonic components of the inductances respectively and γph is the 
phase displacement between phases ab, bc and ca which is π/3, –π/3 and π respectively. 
The flux linkages in (3.1) are transformed to a single rotating dq frame using (3.7), and are 
defined in (3.8) [18]. The equations are represented for a balanced 3–phase machine 
operation and hence no zero–sequence components are present in the dq frame.  
   




























2C                                                (3.7) 
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dq,PMdqdqdq iL                                                    (3.8) 
where, Ldq is defined as   
 qddq LLL                                                               (3.9) 
ψPM,dq is as follows, 
 0, PMdqPM                                                         (3.10) 
Using (3.8), the electromagnetic torque computed for a machine with P number of poles is 
shown in (3.11). 
 dqqde iiPT  43                                                     (3.11) 
where, idq are the dq– axis currents. From (3.4)–(3.6), it is observed that in an ideal model, 
only up to second order harmonic components in phase inductances, and no higher 
harmonics in the PM flux linkage are considered, which is not completely valid for 
machines with non–sinusoidal distributions. 
The magnitude of the flux linkage vector obtained from FEA of the developed 
electromagnetic model for a laboratory 3–phase CW surface PMSM is compared with that 
predicted by the ideal dq–axis model, defined as in (3.8) for constant torque and field 
weakening regions and is illustrated in Figure 3.1(a). Discrepancies between the measured 
and calculated flux linkage is observed under both regions. This difference increases under 
field–weakening region due to increased harmonic contents in PM flux linkage at high–
speed region. However, the focus of this paper is to reduce the difference in constant torque 
region. Further, the electromagnetic torque calculated using (3.11) was compared with 
torque obtained from FEA and is illustrated in Figure 3.1(b). Similar to flux linkage, 
significant discrepancy is observed in the measured and calculated torque waveforms. This 
difference is observed for the reason that the ideal dq–axis model fails to reflect the effect 
of higher order space harmonics in: 1) PM flux linkage and inductances; and 2) the 
transformation equations. Therefore, this model cannot be used to compute 
electromagnetic torque and it is essential to develop an accurate model considering the 
aforementioned factors for precise control and performance analysis of CW PM machines. 
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In order to reflect the non–sinusoidal distribution of MMF in the air gap of a CW PMSM, 
the ideal model is extended to accommodate higher order harmonics in PM flux linkages 
and inductances in the abc frame. The first step towards developing the MRF model is to  
  
                                          (a)                                                                                       (b) 
Figure 3.1. Comparison of FEA and ideal model for CW PMSM. (a) Flux linkage for constant torque and 
field–weakening regions. (b) Electromagnetic torque at rated speed of 1,500 rpm. 
transform the extended abc frame inductances and PM flux linkage using single rotating 
reference frame transformation corresponding to fundamental electrical rotor frequency. 
The second step is to employ multiple reference frames transformation to the extended dq–
axis model in order to reduce the rotor–position dependency of the dq frame equations. 
Also, this includes the effect of space harmonics in transformation equations which makes 
the model more accurate. The dominant harmonics in inductances and PM flux linkage are 
transformed separately and the total electromagnetic torque is obtained by principle of 
superposition [25]. 
3.2.1. Extended Model of CW PMSM in abc Frame 
The non–sinusoidal distribution of MMF for a CW PMSM is analyzed using winding 
function shown in (3.12) [18]. 













































where, n(θ) is the turn’s function which defines the turns enclosed by a flux path 
and{n(θ)}is the average value of the turns function. With the help of winding function, the 
phase self and mutual inductances (Lxx, Mxy) of a machine can be estimated analytically as 
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                                                  (3.14) 
where, rg is the air–gap radius and Nx(θ) and Ny(θ) are winding functions for any phase x 
and phase y respectively. Lst is the stack length of the machine, μ0 is the permeability of 
free space and g0 is the air–gap thickness [21]. Similarly, the phase PM flux linkage can be 
derived from winding function as in (3.15). 





, dBNLr PMastgphPM                                          (3.15) 
where, BPM is the PM flux density which can be written as a function of harmonics as shown 
in (3.16). 









, sin n=1, 2, 3...                      (3.16) 
where, BPM,k and φkB are the magnitude and the phase angle of the kth harmonic of PM flux 
density respectively. 

































                              (3.17) 
where, Lk and φkLare the magnitude and the phase angle of the kth harmonic of the self 
inductance respectively, Mk and φkM are the magnitude and phase angle of the kth harmonic 
of mutual inductance respectively. It is observed that only even harmonics are present in 
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self and mutual inductances for a CW PMSM. Likewise, the Fourier expansion of PM flux 







kphkPMphPM k                                (3.18) 
where, ψPM,k and φkψ are the magnitude and phase angle of the kth harmonic of PM flux 
linkage respectively. It is observed from (3.18) that the PM flux linkage of CW PMSM 
consists of only odd spatial harmonics.  
3.2.2. Extended Model for Inductances of CW PMSM in dq Frame 
The transformation equations are developed for an arbitrary reference frame as it is 
convenient to obtain equations for any specific reference frames from them [18]. Initially, 
the arbitrary reference frame is assumed to have rotational speed corresponding to 
fundamental frequency without including the effect of harmonics. The self and mutual 
inductances extended for higher order harmonics in the abc frame as in (3.17) are 
transformed to dq frame using the transformation matrix in (3.7). The dq–axis inductances 





















































                                        (3.20) 
Ldde is the d–axis self inductance which is a superposition of DC component and spatial 
harmonic components of self inductance as in (3.21) and (3.22). From (3.23), it is observed 
that the spatial harmonic components of self inductance has coefficients of the orders 6k 
and 6k±2 and harmonic order of 6k. 
    eddkddedd LLL 0                                                 (3.21) 
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       (3.23) 
Likewise, Lqqe is the q–axis self inductance which is a superposition of DC component and 
spatial harmonic components of self inductance as (3.24) and (3.25). Similar to Ldde, the 
spatial harmonic content in Lqqe also have coefficients of the orders 6k and 6k±2 and 
harmonic order of 6k. 
     eqqkqqeqq LLL  0                                         (3.24) 
   22000 221 MLMLLqq                                (3.25) 
 
   
   






































          (3.26) 
The mutual inductance written as in (3.27) has no DC component and is only a function of 
spatial harmonics comprising coefficients of the order 6k±2 and harmonics of the order 6k. 
These self and mutual inductances vary with stator currents and depict the effect of 
saturation and cross–saturation. 
   
   































1                       (3.27) 
Multiple reference frames are applied to the self and mutual inductances in extended 
dq–axis model shown in (3.23), (3.26) and (3.27) respectively. In self and mutual 
inductances, coefficients of the orders 6k–2 are rotating at an angle 6k–θ with respect to the 
synchronous rotating frame. In the self inductance, coefficients of the orders 6k+2 and 6k, 
and in the mutual inductances coefficients of the order 6k+2 are rotating at an angle 6k+θ 
with respect to the synchronous rotating frame. Superscript ‘+’ denotes that the components 
are of positive sequence and superscript with ‘–’ denotes that they are negative sequence 
components. Corresponding to the sequence components, the multiple reference frames for 
positive and negative sequence components of dq–axis inductances can be defined as in 


















































































































































L                              (3.29) 
Using (3.23),(3.26) and (3.27) in (3.28) and (3.29), the positive and negative sequence 
components of dq–axis inductances can be derived as shown in  (3.30) and (3.31) 
respectively. 
   















































L               (3.30) 






























L                  (3.31) 
The total dq–axis inductance is obtained by superimposing the DC components and the 
sequence components and is derived as in (3.32) and (3.33) respectively. 
 mdqmdq,ddmd LLLL   0                                            (3.32) 
 mdqmdq,qqmq LLLL   0                                              (3.33) 
3.2.3. Extended dq Frame Model for PM Flux Linkage of CW PMSM 
The PM flux linkage in (3.18) is transformed to dq–axis using (3.7) and is written as in 
(3.34) and (3.35) respectively. The d–axis PM flux linkage consists of spatial harmonics of 
the order 6k with coefficients of the order 6k±1. The q–axis flux linkage consists of only 
the spatial harmonics component of the order 6k and coefficients of the order 6k±1. 
Although, the d–axis PM flux linkage includes a DC component, it is considered in the 
resultant dq–axis waveform after the concept of multiple reference frames. From (3.34) 
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and (3.35), the dominant harmonics of the order 6k are transformed separately by applying 














































































                (3.35)  
Coefficients of harmonics in dq–axis PM flux linkage of the order 6k–1 are positive 
sequence components rotating at an angle of 6k+θ with respect to the synchronous rotating 
frame. Whereas, harmonic coefficients of the order 6k–1 are negative sequence 
components rotating at an angle of  
    















































































































                         (3.37) 
6k–θ with respect to the synchronous rotating frame. Based on this analysis, the multiple 
reference frames transformation equation is derived as in (3.36). Substituting (3.34) and 
(3.35) in (3.36), the magnitudes of sequence components of dq–axis flux linkage, 
independent of rotor position is derived as in (3.37). 
To obtain the total d–axis PM flux linkage, the DC component of flux linkage is 
superimposed with the magnitude of position independent harmonics component as 





































































qPM                      (3.39) 
The q–axis component of PM flux linkage consists of the position independent harmonics 
component with the corresponding phase angle as in (3.39). 
3.3. Computation of Electromagnetic Torque Using Extended Model 
with Multiple Reference Frames Transformation 
The electromagnetic torque for a CW PMSM under steady state can be described by 
(3.40) using magnetic co–energy [26]. 




dqqqddqdPMe iiLLiT 000,1                           
 (3.41) 
212 rippleripplee TTT                                      (3.42) 
    
   




























                      
(3.43) 
     











































































where, Te1 is the average torque as shown in (3.41) and Te2 is the position dependent ripple 
component of torque as shown in (3.42)–(3.44). In this model, it is assumed that the dq–
axis currents have no harmonics. ψePM,dk and ψePM,qk are ripple components of d– and q– 
axis PM flux linkages described in (3.34) and (3.35) respectively. 
Due to the non–sinusoidal variations of PM flux linkage and inductances, ripple torque 
equations have time varying coefficients. This dependency can be reduced by using 
inductances and PM flux linkages that were transformed with reference frames rotating at 
speeds corresponding to frequencies of dominant harmonics as shown in (3.32), (3.33) and 
(3.38), (3.39) respectively. Hence, the ripple component of electromagnetic torque with 
multiple reference frame transformation is derived as in (3.45). This torque ripple 
component is a superposition of all the dominant harmonics in PM flux linkage and 


































































            (3.45) 
From (3.45), it is observed that the ripple component of torque has rotor position 
independent variables and is only a function of phase angles of the dominant harmonics. 
Therefore, the electromagnetic torque computed using multiple reference frames 
transformation is simple to implement in a control methodology for a CW PMSM.  
3.4. Validation of Proposed Multiple Reference Frames Model Using 
FEA and Experimental Analysis 
In this section, the proposed extended dq–axis model with multiple reference frame 
transformations is validated by performing FEA on the developed electromagnetic model 
and experimental investigations on a laboratory 30–slot, 20–pole CW surface PM machine. 
The experimental data for PM flux linkage and inductances are given as input to the model 
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described in Section III.  
3.4.1. Measurement of PM Flux Linkage 
No–load test at rated speed of 1,500 rpm was performed on the FSCW surface PM 
machine operating in the generator mode. The measured induced EMF waveform is shown 
in Figure 3.2. The magnitude and phase angles of harmonics in the measured EMF were 
obtained using Fast Fourier transform (FFT). Phase induced EMF can be expressed as in 
(3.46) [22]. 
    Ekph
k
kphph tkEtE  

 ..5,3,1
, cos                            (3.46) 
where, Eph.k and Ek  are the magnitude and the phase angle of induced EMF harmonics 
respectively. Using Faraday’s law, the magnitudes and phase angles of PM flux linkage 
harmonics can  
 
Figure 3.2. No–load induced EMF waveform obtained for the laboratory FSCW PMSM operating in 
generator mode at rated speed of 1,500 rpm. 






























Using (3.47), the calculated harmonics magnitudes and phase angles for the laboratory 
FSCW PMSM are shown in Table 3.1. 
TABLE 3.1. PM FLUX LINKAGE HARMONIC MAGNITUDES AND PHASE ANGLES 
k 0 1 3 5 7 9 
Magnitude (mWb) 0 62.5 0.91 7.3 2.82 0.67 
Phase (deg.) 180 –178.3 4.14 6.29 10.4 –148.7 
3.4.2. Measurement of Self and Mutual Inductances 
In order to measure the self and mutual inductances for every rotor position, AC stand still 
test was performed on the test motor [21]. To measure the self and mutual inductances at 
various rotor positions, a dial indicating angular position with 5–degree steps was placed 
on the shaft. The rotor is positioned along a reference point. From this reference point, for 
every 5–degree step, phase a was excited with AC currents with other terminals kept open. 
By doing so, the rotor is magnetically locked at that position. The phase a voltage, Van, 
induced voltage in phase b, Vbn and phase a  current, Ia were measured for every 5–degree 
step. The self and mutual inductances are calculated as a function of rotor position using 







































L                                                (3.48) 
where, ra is the resistance of phase a and f is the frequency of supply current. This 
procedure was repeated for different currents excitations. The laboratory machine has 
symmetry for every two poles. For better understanding, the machine has been divided into 
ten symmetrical units with two poles and three stator slots in each unit. The self and mutual 
inductances are plotted for two such units and are illustrated in Figure 3.3. FFT was 
performed on the waveforms obtained, the magnitudes and phase angles of self and mutual 
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inductances for varying current excitations is shown in Table 3.2. It is observed that even 





Figure 3.3. Self and mutual inductances obtained as a function of rotor position from stand–still test. (a) Self–


















Rotor Position θ [deg]
Ia = 5.5 A Ia = 11.5 A














Rotor Position θ [deg]
Ia = 23.5 A Ia = 17.5 A
Ia = 11.5 A Ia = 5.5 A
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Self Inductance (mH) Mutual Inductance (mH) 
Magnitude Phase (o) Magnitude Phase (o) 
0 
5.5 9.2 0 –4.65 180 
11.5 9.15 0 –4.54 180 
17.5 9.09 0 –4.48 180 
23.5 8.14 0 –4.36 180 
2 
5.5 0.125 1.69 –0.062 121.66 
11.5 0.119 1.03 –0.061 121.4 
17.5 0.115 –1.1 –0.056 120.54 
23.5 0.111 –1.63 –0.053 120.87 
4 
5.5 –0.06 178.92 0.059 0.89 
11.5 –0.072 –178.81 0.054 –1.33 
17.5 –0.074 144.12 0.03 –21.48 
23.5 –0.095 152.7 0.043 8.47 
6 
5.5 0.05 –165.9 0.031 57.35 
11.5 0.02 –166.04 0.033 59.53 
17.5 0.06 –163.03 0.028 60 
23.5 0.03 171.07 0.02 55.67 
8 
5.5 0.012 176.76 0.068 –105.97 
11.5 0.011 179.26 0.041 –106.99 
17.5 0.01 –173.95 0.061 –175.9 
23.5 0.018 –153.1 0.023 8.39 
 
3.4.3. Verification of the Proposed MRF Based Electromagnetic Torque Model 
Using FEA 
In the proposed model it was assumed that the currents are pure sinusoidal waveforms in 
the abc frame. In order to validate the proposed method with a similar condition, an 
electromagnetic model of a laboratory 30–slot, 20–pole FSCW surface PMSM was 
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developed using ANSYS 2D. Sinusoidal current excitations with peak values (Im) of 5 A 
to 25 A in steps of 5A were provided and the corresponding electromagnetic torque was 
obtained for rated speed of 1,500 rpm. The average component of torque calculated using 
(41) was compared with the ones obtained from FEA for varying currents and is illustrated 
in Figure 3.4. The average torque computed using proposed model and FEA are almost the 
same. Likewise, even the torque harmonics at 25 Nm and 10 Nm are illustrated in Figure 
3.5(a) and (b) respectively. It is seen that the ripple torque consists of 6th and 12th order 
harmonic components. These harmonic orders have similar magnitudes in case of proposed 
model and FEA. A difference of 5.71% and 3.82% in 6th order torque harmonic and a 
difference of 12.3% and 10.2% in 12th order torque harmonic is observed between proposed  
 
Figure 3.4. Comparison of average torque obtained from FEA with ideal model and those calculated using 



















































Figure 3.5. Comparison of torque harmonics obtained from FEA with ideal model and the ones calculated 
using the proposed model for two different load torques. (a) 25 Nm. (b) 10 Nm. 
model and FEA at 25 Nm and 10 Nm load torque conditions respectively. This difference 
in ripple torque is due to consideration of only dominant harmonics in proposed model 
while ignoring other higher frequency components of PM flux linkage and inductances 
harmonics. 
3.5. Experimental Verification of the Proposed MRF Based 
Electromagnetic Torque Model 
In order to experimentally verify the electromagnetic torque derived in Section III, the 
CW surface PMSM was driven using a pulse width modulated voltage source inverter 
(VSI) with basic field–oriented control scheme. RT–lab controller and IGBT inverter were 
used to drive the motor and with the help of current and voltage sensors, measurements 
were taken. A torque transducer was employed to measure the output torque of the 
machine. Figure 3.6 shows the experimental test setup. The electromagnetic torque was 
measured for five load points of id and iq whose waveforms are shown in Figure 3.7. It was 
observed that the currents waveforms are dominated by 6th and 12th order frequency 
components. Hence, the dq–axis currents can be written as a function of these harmonic 
components as in (3.49). Where, Idq0 is the DC component of currents and Idqk is the 

































Figure 3.6. The experimental setup for measuring torque of test FSCW PMSM under field–oriented control 
scheme. (a) Laboratory FSCW PMSM and dyno motor. (b) RT–lab Controller. (c) Sensor circuits and 
inverter. 
  dqkdqdq III 0                                                  (3.49) 



























































I                                (3.50) 
where, Idk, Iqk and φkId, φkIq are magnitudes and phase angles of kth harmonic component of 
d– and q–axis currents respectively. The dq–axis currents with harmonics are implemented 
in the derived electromagnetic torque using extended dq–axis model with multiple 
reference frames transformation. The proposed electromagnetic torque with current 
harmonics is represented with superscript ‘*’ and is defined as in (3.51).  
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2                            (3.53) 
The average torque computed using proposed model with current harmonics as described 
in (3.51) and ideal model were compared with those obtained from experiment and are 
illustrated in Table 3.3. The average torque calculated from the proposed model with 
current harmonics is in close agreement with those obtained from experiment. A highest 
discrepancy of 6.4% is observed between the average torque from the proposed model and 
experiment. The fundamental frequency component of PM flux linkage, inductances and 
currents contributing to average torque remains the same in all the models, therefore no 







Figure 3.7. Experimental current waveforms measured for different load conditions. (a) Measured q– axis 
current (iq). (b) Measured d–axis current (id). 
model with current harmonics. The experimentally obtained torque ripple waveforms at 
1,500 rpm for load conditions of 25 Nm and 10.2 Nm are shown in Figure 3.8.   
In case of ideal model, zero torque ripple is obtained and only the average torque can be 
observed. On the other hand, the proposed multiple reference frame model facilitates the 
computation of torque ripple component at each harmonic order as in (3.45) and they are 
directly compared with the experimental results in Figure 3.9. Therefore, with the proposed 
model, different components of electromagnetic torque can be easily obtained and be 
implemented in both design optimization and control methodologies for a CW PMSM. The 
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TABLE 3.3. COMPARISON OF AVERAGE TORQUE OBTAINED FROM EXPERIMENT, PROPOSED 
MODEL AND IDEAL MODEL 
Average Torque (Nm) 
Experiment Proposed model Ideal model 
5.2 4.77 4.68 
10.2 9.58 9.3 
14.75 14.11 14.06 
20 18.95 18.75 
25 23.98 23.43 
 
 
Figure 3.8.  Experimentally obtained torque ripples and average torque of laboratory CW PMSM for two 







































Proposed model with current harmonics






Figure 3.9. Comparison of torque harmonics from experiment and FEA with the ones using proposed model 
with and without current harmonics and ideal model for varying loads at 1,500 rpm. (a) 25 Nm. (b)10.2 Nm. 
These harmonic orders have similar magnitudes in case of proposed model considering 
current harmonics and experimental results. A difference of 2.8% and 2.4% in 6th order 
torque harmonics and a difference of 7.2% and 4.1% in 12th order torque harmonics 
observed between proposed model with current harmonics and the measured results at both 
the load conditions shown in Figures. 3.9(a) and (b), respectively. 
3.6. Summary 
A novel analytical model for electromagnetic torque of CW PMSM has been derived 
using MRF incorporating non–sinusoidal distribution of PM flux linkage and inductances. 
The average and ripple torque computed using the proposed model has been validated with 
FEA for sinusoidal current excitations. The experimentally measured electromagnetic 
torque had current harmonics which was modeled and incorporated in the proposed model. 
The average and ripple components of torque obtained from experimental investigation 
were compared with the proposed model considering current harmonics and the results 
obtained were in close agreement. Due to position independency of electromagnetic torque 
in the proposed model, it can be implemented with ease in both design optimization and 
control strategies to compute average torque accurately and minimize ripple torque for a 
CW PMSM. In the next chapter, using the extended space harmonics orders analyzed in 
PM flux linkage and inductance, optimal slot–pole combination of the PMSM to be 




















Proposed model with current harmonics
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Optimal Slot–pole Selection for Reduced Space Harmonics in 
Concentrated Wound Multiphase PMSM 
4.1. Introduction 
Fractional slot concentrated windings (FSCW) permanent magnet synchronous 
machines (PMSM) have high content of space harmonics in the magnetomotive force 
(MMF) as mentioned previously [1]. These space harmonics lead to high torque ripple and 
low power factor. In case of FSCW, the coils are full pitched and cannot be chorded like 
in distributed windings to reduce harmonics. Also, a suitable rotor structure has small 
impact on reduction of these harmonics. However, the space harmonic content in the 
FSCW PMSM vary significantly with the choice of slot–pole combination. This harmonic 
content is reflected in the inductance and induced electromagnetic force (EMF) waveforms. 
Thus, the inductance harmonics and induced EMF harmonics can be modeled and 
minimized using an optimal choice of stator slot numbers and rotor poles.  
Studies have been performed to select slot–pole combination based on winding factors 
for machines equipped with FSCW [2–4]. In [2], the effect of winding factors on joule 
losses for various slot–pole combinations were investigated. Another method to determine 
slot–pole combinations based on winding factors, cogging torque and net radial force for 
4–, 5– and 6–phase configurations has been presented in [3]. In [4], various slot–pole 
combinations for FSCW PMSM were investigated considering factors such as MMF 
harmonic content and noise and vibration. All the above methods do not consider the effect 
of inductance harmonics and EMF harmonics while selecting the slot–pole for different 
phase numbers. [5] has presented the selection of slot, pole, and phase numbers for 
reducing harmonic leakage inductance specifically for single layer FSCW PMSM. In [6], 
a detailed procedure for slot–pole selection based on inductances are provided. However, 
the impact on induced EMF harmonics was not considered. 
In this chapter, initially, harmonic winding factors and phase belt for any phase 
configuration has been derived. Using the harmonic winding factors and winding function 
method, a novel inductance harmonics factor and induced EMF harmonics factor has been 
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proposed. In Chapter 2, six–phase configuration was selected over 3–phase for design of 
the direct–drive machine. However, slot–pole combinations for other phases such as 3–
phase and 5–phase are also discussed in this chapter to provide a guideline for machine 
designers. Conventionally, slot–pole combinations are selected based on fundamental 
winding factor. Adding harmonic factors as selection parameters for 3–,5– and 6–phase 
FSCW PMSM resulted in large dataset making the computation more complex and time 
consuming. Deviating from conventional slot–pole selection methods, an adaptive gradient 
descent algorithm has been used, which was developed from the concepts used in [7], to 
obtain optimal slot–pole combinations from a large dataset with high fundamental winding 
factor, reduced inductance and induced EMF harmonic factors for 3–, 5– and 6–phase 
FSCW PMSM. This novel adaptive gradient descent–based approach selects optimal slot–
pole combination from sparse dataset in a time efficient and accurate manner. The derived 
inductance and induced EMF harmonic model as well as the optimal slot–pole 
combinations obtained from the algorithm has been verified using experiments and finite 
element analysis (FEA). 
4.2. Modelling of Inductance Harmonic and EMF Harmonic Factors 
Space harmonics in a FSCW PMSM can be analyzed using stator slot star approach or 
winding function theory [6]. In this chapter, winding function theory has been adapted to 
calculate the harmonic winding factors and using this, the inductance and EMF harmonic 
coefficients are computed. Winding factors of a machine determines the generated 
electromagnetic torque. Hence, the fundamental winding factor of the machine must be 
high, and its sub– and higher harmonic winding factors must be as low as possible [6]. The 
harmonic winding factor for a FSCW PMSM can be written as in (4.1) [2]. 
w h ph dh lhk k k k                                                             (4.1) 
where, h is the harmonic order, kph is the harmonic pitch factor, kdh is the harmonic 
distribution factor and klh is the winding factor due to layers. The harmonic distribution 
winding factor is defined as (4.2) [8], where, S, P and m are number of slots, poles and 
phase numbers respectively and α is the phase belt defined in (4.3). Harmonic pitch and 
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4.2.1. Inductance Harmonics Factor 
The fundamental winding factor contributes towards magnetizing inductance, producing 
average electromagnetic torque. Using winding function, per phase magnetizing 
inductance can be defined as in (4.6). 
1m L LL                                                                    (4.6) 
where, βL1 is the magnetizing inductance coefficient that is dependent on slot–pole numbers 
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where, kw1 is fundamental winding factor, Nt is the number of turns per phase, D is the 
diameter of the machine, L is the stack length, μ0 is the permeability of free space and g0 is 
the effective air–gap length. Similarly, harmonic inductance is defined in (4.8) where, βLH 
is the harmonic inductance coefficient as in (4.9). Using (4.6)–(4.9), a novel inductance 
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4.2.2. Induced EMF Harmonics Factor 
Induced EMF is a resultant of varying rotor flux that interacts with the stator windings. 
EMF induced due to fundamental winding factor can be written as in (4.11) where, χE is 
dependent on geometry of the machine defined by (4.12) 
1 1w EE k                                                                  (4.11) 
2E t PMDLN B                                                               (4.12) 
where, BPM is the permanent magnet (PM) flux density. In general, the PM flux density of 
a rotor is in the shape of periodic square or trapezoidal shape which can be obtained 
analytically [10] or from FEA. However, in this paper, the effect of varying stator space 
harmonics on the phase induced EMF is considered along with the effect of fundamental 
component of PM flux density obtained from FEA for surface PM rotor. Harmonic induced 
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4.3. Adaptive Gradient Descent Algorithm based Slot–pole Selection 
Including additional parameters of ζLH and ζEH for optimal slot–pole selection, using a 
conventional methodology increases computation complexity and results in erroneous 
SPCs. Thus, to accurately analyze the large datasets, adaptive gradient descent algorithm 
is implemented to optimally select slot and pole numbers for  3–, 5– and 6– phase machines.  
This algorithm is a variation of stochastic gradient descent (SGD) which itself is a major 
improvement over the conventional gradient descent algorithm [9]. It uses frequent updates 
to reach the global minima or maxima faster unlike the standard algorithms that use one 
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fixed learning rate. Learning rate determines the size of steps the algorithm takes to reach 
a local minimum, thus making SGD best fit for computing huge dataset as in the case of 
this paper. Since, SGD might converge faster in the opposite gradient, providing incorrect 
slot–pole pair results, an adequate momentum is given so that the data converges in the 
right direction. Thus, the adaptive gradient descent algorithm has been implemented, which 
performs larger updates for infrequent data sets and smaller updates for frequent 
parameters. This feature is well suited for huge dataset with sparse data such as large set 
of varying slot, pole and phase combinations. Thus saving time with increased accuracy. 
ALGORITHM: ADAGRAD 
Step 1: Define training set for 1<t<i 
Step 2: Calculate feature θi as defined in (4.15) 
Step 3: Define objective function J(θ) as in (4.16) 
Step 4: Initialize learning rate >0, random shuffle of SPC dataset 
Step 5: Compute, aggregate and update gradient using (4.17) 
Step 6: Update θi and learning rate accordingly using (4.18) 
Step 7: Repeat Steps 5–7 until best SPC value reached 
Step 8: Return best SPC value with minimum ζLH, ζEH; maximum kw1 
Initially, input data sets for slot, pole and phase numbers are provided as shown in (4.15) 
for i number of iterations. The slot numbers are a multiple of number of phases. The dataset 
for phase numbers are given as 3–, 5– and 6–phase. Higher phase numbers would be 
difficult to implement due to complex inverter structure and high cost. The phase belt (α) 
for a particular q is calculated from (4.4). Further, using the values of phase belt, the 
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A large number of dataset consisting of slot–pole combinations for 3–, 5– and 6–phase 
machines were given as input to the adaptive gradient descent algorithm. Based on the 
parameters, the optimal SPC was found using the proposed algorithm. The objective 
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TABLE 4.1. OPTIMAL SPC FOR THREE–PHASE FSCW PMSM 
 
SPC kw1 LH  EH  
9S/8P 
9S/10P 
0.945 0.041 0.61 
12S/10P 
12S/14P 
0.933 0.032 0.534 
18S/16P 
18S/20P 
0.945 0.041 0.61 
24S/20P 
24S/28P 
0.933 0.032 0.536 
30S/26P 
30S/34P 
0.936 0.034 0.56 
36S/30P 0.933 0.032 0.535 
36S/32P 
36S/40P 
0.945 0.041 0.61 
39S/34P 0.936 0.035 0.561 
TABLE 4.2.  OPTIMAL SPC FOR FIVE–PHASE FSCW PMSM 
 
SPC kw1 LH  EH  
10S/12P 0.951 0.042 0.616 
15S/12P 0.951 0.042 0.616 
15S/18P 0.951 0.043 0.617 
20S/16P 0.951 0.043 0.617 
25S/20P 
25S/30P 0.951 0.042 0.617 
30S/24P 
30S/36P 
0.951 0.043 0.618 
35S/28P 0.951 0.043 0.618 
35S/30P 0.96 0.054 0.707 
40S/32P 0.951 0.042 0.618 
40S/34P 0.96 0.052 0.688 
45S/36P 0.951 0.042 0.617 
TABLE 4.3. OPTIMAL SPC FOR SIX–PHASE FSCW PMSM 
SPC kw1 LH  EH  
12S/10P 
12S/14P 
0.967 0.059 0.731 
18S/16P 
18S/20P 
0.975 0.072 0.808 
24S/20P 
24S/28P 






0.94 0.035 0.564 
30S/26P 
30S/34P 
0.967 0.063 0.755 
36S/30P 0.966 0.059 0.731 
36S/40P 0.975 0.073 0.809 
42S/34P 
42S/50P 
0.945 0.039 0.595 
function J(θ) is described in terms of inductance harmonic factor, induced EMF harmonic 
factor and kw1 as shown in (4.16). The aim is to minimize the harmonic factors and 
maximize fundamental winding factor. Therefore, kw1 is a maximizing function denoted 
with a negative sign. In order to comprehensively obtain the SPC, it has been assumed that 
the D, L, air–gap length and number of turns per coil are one per unit for all the FSCW 
PMSM. 
   1, ,IH EH wJ f k                                           (4.16) 
The gradient by which the objective function is updated or descends is written as in (4.17). 
    ' ; ;J f J SPC                                           (4.17) 
The learning rate for every parameter θi at every time step t can be defined as in (4.18).  
 
 1, , ,
,
1













                                          (4.18) 
Upon implementing the adaptive gradient algorithm, the best slot–pole combinations with 
minimal inductance and induced EMF harmonics for 3–, 5– and 6–phase machines are 
obtained and are shown in Table 4.1–4.3 respectively. 
4.4 Experimental and FEA Verification of Analytical Model and Optimal 
Slot–Pole Combinations  
Experimental investigations on a laboratory 3–phase, 30–slot, 20–pole FSCW surface 
PMSM (SPMSM) as in Figure 4.1(a) were performed in order to verify the analytical model 
for inductance and induced EMF. Further, an electromagnetic model for the laboratory 
machine was built and analyzed using FEA. The cross–section and the detailed parameters  
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of 30S/20P laboratory FSCW SPMSM are shown in Figures 4.1(b) and Table 4.4 
respectively. Results obtained from experimental analysis and simulations were compared 
to the analytical model.  
4.4.1. Verification of Proposed Inductance Model 
In order to measure inductance for every rotor position, LCZ meter was used for the 
laboratory SPMSM. To measure the inductance at every rotor position, a dial was placed 
on the shaft of the machine, indicating 5–degree steps. Initially, the rotor is aligned to d–
axis and inductance was recorded by manually rotating the shaft for every 5– degree. The 
inductances derived in (4.6) – (4.10) is for unsaturated condition, therefore in order to 
replicate the same condition for the experiment, an LCZ meter was used to record the 
inductance with no current excitation. Similarly, the electromagnetic model of the PMSM 
was simulated for a rated speed of 1,500 rpm and the unsaturated inductance was obtained. 
The proposed inductance model consists of magnetizing and harmonic inductances, 









Figure 4.1. Laboratory 3–phase 30S/20P FSCW SPMSM used for experimental investigations. (a) Test 
setup. (b) Cross–section. 
slotting and end–winding inductances were calculated using [8]. A comparison of the 
inductance obtained using experiment, FEA and analytical model are shown in Table 4.5. 
The experiment and FEA inductances are almost similar. However, a difference of 1.5% is 
observed between experiment, FEA and calculated inductances. This difference is due 
idealized assumptions in the geometry of end winding while calculating the inductance. 
4.4.2. Verification of Proposed Induced EMF Model 
No–load test was performed at rated speed of 1,500 rpm on the laboratory SPMSM in 
generator mode and the induced EMF was obtained. The phase induced EMF calculated  
TABLE 4.4. DESIGN SPECIFICATIONS FOR LABORATORY FSCW SPMSM 
Continuous torque 70 Nm 
Rated speed 1,500 rpm 
Slot/pole/phase 30/20/3 
Rated current (rms) 46 A 
Phase Voltage (rms) 120 V 








Figure 4.2. Laboratory 30S/20P FSCW surface PMSM No–load induced emf waveform at rated speed of 
1,500 rpm. 
using (4.11)–(4.14) and that obtained from the electromagnetic model along with the 
experimental results were compared as shown in Figure 4.2. Fast Fourier transformation 
(FFT) was performed on all the three waveforms and the harmonics are shown in Table 
4.6. Since the induced EMF is analyzed between phase and neutral, there are no triplen 
harmonics in the waveforms. It is observed that the FEA and experimentally obtained 
harmonics are almost similar and a difference of 2.1% between FEA and calculated 
harmonics are present due to simplifications in the equation. 
4.4.3. Verification of Optimal Slot–pole Combinations 
In case of conventional selection methodology as in [4], since only kw1 is considered for 
analysis, redundant slot–pole combinations with same kw1 are selected. However, in the 
proposed methodology, due to additional parameters of inductance and emf harmonic 
factors considered, these slot–pole combinations are eliminated in a computationally 
effective manner. To illustrate this difference, a performance comparison of sample slot–
poles obtained from the two methods with the same kw1 of 0.945 was performed. Figure 
4.3. indicates that the torque ripple for 18S/14P from the conventional method is higher 
than that of 18S/16P obtained from the proposed method by 10.17% highlighting its 
computational accuracy. 
From the above sections, it is observed that the experimental results are similar to the 
results obtained from FEA. Therefore, in order to validate the SPC obtained from the 










































































































Figure 4.4. Comparison of inductance and induced EMF harmonics for sample of optimal SPC for FSCW 
PMSM obtained from adaptive gradient descent algorithm using FEA. (a) Inductance harmonics for 3–phase. 
(b) Inductance harmonics for 5–phase. (c) Inductance harmonics for 6–phase. (d) Induced EMF harmonics 
for 3–phase. (e) Induced EMF harmonics for 5–phase. (f) Induced EMF harmonics for 6–phase. 
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TABLE  4.5.COMPARISON OF INDUCTANCES OBTAINED FROM ANALYTICAL MODEL, FEA 
AND EXPERIMENTAL INVESTIGATIONS 
Lh+Lm Lslot Lew Lcal Ltest LFEA 
2.39 mH 0.19 mH 0.2 H 2.58 mH 2.62 mH 2.62 mH 
TABLE 4.6. COMPARISON OF INDUCED EMF HARMONICS OBTAINED FROM ANALYTICAL 
MODEL, FEA AND EXPERIMENTAL INVESTIGATIONS 
Harmonic order 5 7 11 13 
Experiment 3.78 V 3.34 V 1.3 V 0.86 V 
FEA 3.72 V 3.31 V 1.28 V 0.84 V 
Analytical 3.7 V 3.29 V 1.27 V 0.82V 
machines will be utilized hereafter. A sample of three best SPC for each phase was taken 
from Tables 4.1–4.3 and its electromagnetic models were built. For easy analysis, all the 
SPC were built with same dimensions of D and L, for a slot fill factor of 70% and same 
thickness of the magnets. All the electromagnetic models were designed to operate at same 
speed and deliver a torque of 70 Nm. The electromagnetic models of SPC for 3–, 5– and 
6– phase machines were compared in terms of inductance harmonics and are illustrated in 
Figures 4.4(a)–4.4(c). It is observed that the trend followed by all the three phase 
configurations are same as the one obtained from the algorithm. For instance, for a 3–phase 
machine 18S/16P is expected to have a higher inductance harmonic coefficient of 0.041 
and 12S/10P machines has a lower inductance coefficient of 0.032. Hence, even the 
harmonics spectrums of both the SPC follow the same trend as seen in Figure 4.4(a). 
Similar to inductance, the no–load per phase EMF were obtained for the sample SPC. 
Harmonic spectrum obtained upon performing FFT of the induced EMF are shown in 
Figures 4.4(d)–4.4(f). The induced EMF consists of odd harmonics and have no triplen 
harmonics as it is a phase to neutral waveform. The EMF harmonics also follow the same 
trend as obtained from the algorithm. For instance, for the 5–phase machine, the EMF 
harmonic coefficient is 0.616 for 15S/12P PMSM and 0.707 for 35S/30P PMSM, the same 
is observed in Figure 4.4(e). All the values are in per unit for easier understanding. 
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4.5. Selection of optimal slot–pole combination for 6–phase FSCW 
PMSM using the proposed methodology 
The optimal slot pole combination obtained from the algorithm  for a six–phase PMSM is 
shown in Table 4.3. In order to select one SPC for the direct–drive e–motor design, initially 
four SPC with fundamental winding factors greater than 0.966 was chosen from Table 4.3 
and is shown in Table 4.7. Considering the SPC values in Table 4.7 based on inductance 
and EMF harmonic factors, a comparative performance analysis of 36S/30P and 36S/34P 
was performed to select one optimal SPC. Although the other two SPC have a high 
fundamental winding factor values, they also have higher harmonic factors and are not 
considered as optimal SPC candidate. For the same structural data obtained in Chapter 2  
TABLE 4.7. BEST SPC VALUES FOR SIX–PHASE CW PMSM OBTAINED FROM PROPOSED 
METHOD 
SPC kw1 LK EK 
36S/30P 0.966 0.059 0.731 
36S/34P 0.975 0.073 0.809 
36S/40P 0.975 0.088 0.892 
42S/34P 0.945 0.039 0.595 
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Figure 4.5. Comparison of 36–slot/34–pole and 36–slot 30–pole six phase CW PMSM. (a) Inductance 
harmonics. (b) Induced EMF harmonics. (c) Cogging Torque. (d) Torque density. 
and same volume of magnets, electromagnetic models of 36–slot/34–pole and 36–slot/30–
pole has been developed for a comparative analysis. Figure 4.5. illustrates the comparison 
of these two SPC for various paramter. From Figure 4.5, it was observed that 36–slot/34–
pole six–phase CW PMSM is better than 36–slot/30–pole machine  due to 1) low cogging 
torque. 2) Higher torque density 3) Almost similar inductance and induced EMF 
harmonics. 
4.6. Summary 
A novel inductance harmonic factor and induced EMF harmonics factors was proposed 
using winding function method. Using the model, a novel adaptive gradient algorithm–
based methodology was implemented to optimally select SPC for 3–, 5– and 6–phase 
machines. The methodology resulted inbest SPC with high fundamental winding factor and 
low inductance and induced EMF harmonics factors. The analytical models were verified 
using experimental data and FEA and a sample of optimal SPC obtained from the algorithm 
were validated using FEA. The optimal SPC with reduced inductance and induced EMF 
harmonics can be conveniently used a lookup table for designing machines. An optimal 
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Investigation of Phase Angle Displacements in 
Concentrated Wound Six–phase PMSM  
5.1. Introduction 
The space harmonic content in concentrated wound PMSM varies significantly with the 
number of phases. As investigated in Chapter 2, multiphase windings are found to 
minimize significant non–sinusoidal MMF harmonic contents in CW PMSM. For instance, 
a 6–phase CW PMSM has lesser magnitude of space harmonics in the MMF waveform 
when compared to a three–phase CW PMSM [1]. However, these space harmonics are not 
completely eliminated in a six–phase CW PMSM as well. Among multi–phase PMSMs, 
dual three–phase machines which consists of two sets of three phase windings are being 
extensively used as they have enhanced fault–tolerant capability and not utilizing one set 
of three phase windings will still result in output torque [3]. 
Conventionally, in dual three–phase windings, the two sets of three phase windings are 
displaced by an angle which can be varied to obtain different 6–phase configurations. From 
literature studies, only two winding configurations are used for six–phase PMSMs which 
is obtained from a phase angle displacement of either 60º or 30º [4]–[7]. The 60º 
configuration is termed as symmetrical six–phase windings and the 30º configuration is 
termed as asymmetrical six–phase windings [5]. These two configurations result in 
different machine performance characteristics. For instance, 30º phase displacement 
between the phase sets has lower torque ripple compared to 60º configuration [6]. 
Deviating from the conventional phase angle displacements, [8] explores dual three–phase 
winding configuration with 20º angle displacement for 18–slot/8–pole PMSM. It is 
observed that the 20º angle displacement has less harmonic distortion compared to the 
conventional angle displacements. In [9], 15º angle displacement is derived for a 24–
slot/10–pole CW PMSM and analyzed for open–circuit and short–circuit characteristics. 
This non–conventional phase angle of 15º was found to have superior performance in 
short–circuit conditions. Therefore, it can be observed that non–conventional phase angle 
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displacements have certain benefits for dual three–phase windings and further detailed 
investigations for different slot/pole combinations of CW PMSMs is required. 
Thus, in this chapter, alternative phase angle displacements for six phase 36–slot/34–
pole CW PMSM is investigated for reduced MMF harmonics and improved performance 
characteristics. Initially, the feasible phase angle displacements are discussed for the 36–
slot/34–pole CW PMSM. Initially, the MMF harmonics are analyzed for the non–
conventional winding configurations based on star of slot diagrams and are compared with 
conventional configurations of 30º and 60º. Further, steady state performance analysis such 
as rotor iron iron loss, magnet eddy current losses, induced voltages and torque are 
compared for all the phase angle displacements along with analysis of demagnetization 
characteristics and magnetic forces induced in the PMSM. 
5.2. Non–conventional Phase Angle Displacements for 36–slot/34–pole 
CW PMSM 
As discussed in Chapter 4, 36–slot/34–pole FSCW six–phase configuration was selected 
as optimal SPC. The winding arrangement for 36–slot/34–pole, based on star of slots 
method [9], for conventional phase angle displacements of 30º and 60º are shown in Figures 
5.1(c) and 5.1(f) respectively. Many types of connections are possible between the dual 
three phases other than 30º and 60º.  
 




                                          (c)                                                                             (d) 
 
                                               (e)                                                                        (f) 
Figure 5.1. Stator star of slots connections for possible winding configurations of a dual three phase 36–slot/ 
34–pole CW PMSM. (a) 10º configuration. (b) 20º configuration.  (c) 30º configuration.  (d) 40º 
configuration. (e) 50º configuration. (f) 60º configuration. 
The minimum and maximum phase angle displacements (α) for any number of phases 














                                                            (5.1) 
In case of 36–slot/34–pole CW PMSM, a minimum of 10º and maximum of 60º between 
phase sets can be obtained. Considering a balanced six–phase system, six winding 
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connections are possible for a 36–slot/34–pole CW PMSM. Apart from conventionally 
used 30º and 60º, 10º, 20º, 40º and 50º phase angle displacements can also be obtained. 
Using stator star of slots method [10], the winding distributions for 10º, 20º, 40º, and 50º 
are shown in Figures 5.1(a), 5.1(b), 5.1(d) and 5.1(e) respectively. In this section, MMF 
profiles for all the phase angle displacements will be analyzed along with their harmonic 
contents. 
5.2.1. Analysis of MMF for Non–conventional Phase Angle Displacements in 36–
slot/34–pole CW PMSM 
The MMF characteristics for a six–phase PMSM can be expressed as in (5.2). 
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where, θ1 is dependent on angular frequency, θ2 is the space harmonic angle, p is the 
number of pole pairs and k is the order of space harmonics. Space harmonics are of the 
order 12k ±1. Most of the sub– and higher order harmonics are minimized by incorporating 
six–phase over three–phase configuration, but this does not cancel the slot harmonics. The 
total MMF produced by all the phases is assumed to be zero at any instant of time. Using 
(5.1), MMF profiles for 10º – 60º phase angle displacements are obtained as shown in Fig. 
5.2. 
5.2.2. MMF Harmonics for Non–conventional Phase Angle Displacements in 36–
slot/34–pole CW PMSM 
In order to analyze MMF harmonics for the phase angle displacements, fast fourier 
transformation (FFT) was performed on the MMF waveforms illustrated in Figure 5.2. The 
MMF harmonics are represented for cycles per 2π mechanical radians and the resultant 
space harmonic spectrum of the proposed winding configurations are presented in Figure 
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5.3. From the MMF harmonic spectrums, it is observed that 17th order harmonics is the 
synchronous frequency component in the 36/34 CW PMSM under consideration 
contributing to the electromagnetic torque production [11]. Upon comparing all the 
winding configurations, 60º has least value of fundamental torque producing component 
of MMF which is 63.1% lesser than 30º, which has the highest value. The slot harmonics 
present in the machine with S slots and p pole pairs are of order pvSh  ,where v is an 
integer. The distribution factors of slot harmonics are same as fundamental component if 
they satisfy the aforementioned equation. However, in the machine considered, slot 
harmonics orders are high and hence does not contribute towards the rotor losses [12]. 
 
Figure 5.2. MMF waveforms for all the possible winding configurations of dual three–phase 36–slot/34–pole 
CW PMSM obtained using (5.2). 
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Upon investigation of the harmonics spectrum in Fig. 5.3, it is observed that the PMSM 
under consideration has sub–harmonic components which cause harmonic leakage 
inductance and induce high rotor losses [12]. The 60º configuration has an average of 68% 
of sub–harmonic components higher than that of the 30º configuration which has the least 
sub–harmonic content. On the other hand, 20º has similar harmonic spectrum and 
fundamental torque producing component of MMF as that of 30º configuration. The 10º, 
40º and 50º configurations have similar sub–harmonic contents with low magnitudes but 
have significantly low fundamental torque producing component than the 30º 
configuration. 
5.3. Steady State Performance Analysis of Non–Conventional Phase 
Angle Displacements for 36–slot/34–pole CW PMSM 
In this section, steady state performance characteristics of all the winding configurations 
are analyzed. The electromagnetic models of the non–conventional and conventional 
winding configurations are developed and analyzed using finite element analysis (FEA). 
All the models are developed for a low speed high torque application of 70 Nm and 500 
rpm. For easier understanding, most of the performance characteristics are represented in 
per unit. 
5.3.1. Open–circuit Characteristics of 36–slot/34–pole CW PMSM for Various 
Winding Configurations 
The phase induced voltage for all the winding configurations were analyzed at no–load 
and rated speed of 500 rpm and are illustrated in Figure 5.4(a). The peak values of the 
waveforms are almost the same. In order to understand the harmonic spectrum of the 
induced voltages, FFT was performed on all the waveforms. The induced voltage 
harmonics are shown in Figure 5.4(b). The fundamental and third harmonic components of 
induced voltages were observed to be same in all the waveforms. Therefore, they were 
ignored and the other harmonic components such as 5th, 7th and 9th are represented in per 
unit with respect to the third harmonic component. Since FFT was performed on phase 
waveforms, triplen harmonics are present. The 5th order harmonics are 12% lesser in 10º 
and 20º configurations when compared to 30º and 40º configurations and 16% lesser 
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compared to 50º and 60º configurations. The 7th order harmonics are 14% lesser in 10º and 





Figure 5.4. Comparison of phase induced voltages and harmonic spectra for all the winding configurations 
in dual–three phase 36–slot/34–pole CWPMSM. (a) Phase induced voltages. (b) Phase voltage harmonics. 
5.3.2. Full Load Performance of 36–slot/34–pole CW PMSM for Various Winding 
Configurations 
The electromagnetic models of all the winding configurations were analyzed for a full 
load torque of 70 Nm at the rated speed of 500 rpm. The electromagnetic torque waveforms 
of all the winding configurations are shown in Figure 5.5(a). The average torque is 
maximum in 30º configuration, whereas it is the least in 50º and 60º. Torque ripple for all 
the models are shown in Figure 5.5(b). 30º configuration has least torque ripple of 0.13 pu 
and 10º configuration has maximum of 1 pu. 20º, 40º, 50º and 60º configurations have 
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5.3.3.  Loss Characteristics of 36–slot/34–pole CW PMSM for Various Winding 
Configurations 
The space harmonics of orders lesser than the fundamental component order in MMF 





Figure 5.5. Comparison of electromagnetic torque and torque ripple for all the winding configurations in 
dual–three phase 36–slot/34–pole CW PMSM. (a) Electromagnetic torque. (b) Torque ripple. 
The aforementioned loss characteristics were obtained for all the winding configurations 
for sinusoidal current excitations with no time harmonics. Rotor iron loss and magnet eddy 
current loss under no–load and pure sinusoidal current excitations occur due to sub– and 
higher order space harmonics in the machine and are illustrated in Figures 5.6 (a) and 5.6 
(b) respectively. Rotor iron loss was observed to be highest in 60º configuration whereas, 
it was the least in the 30º configuration. Similarly, magnet eddy current loss was found to 
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high sub–harmonic and higher order space harmonics in this configuration as seen in Figure 
5.3. 
5.4. Demagnetization Characteristics of Non–Conventional Phase Angle 
Displacements for 36–slot/34–pole CW PMSM 
In order to examine the permanent magnet (PM) demagnetization characteristics under 
short circuit conditions, a peak value of d–axis and q–axis currents are selected for all the 





Figure 5.6. Comparison of loss characteristics for all the winding configurations in dual–three phase 36–





































































where, λPM is the PM flux linkage, Lq1q1, is the q–axis self– inductance in the dq plane and 
Lq2q1 and Lq2d1 are mutual inductances between d–axis and q–axis. Inductances obtained in 
abc plane from FEA were converted to dq plane using extended dq model [13]. The self 
and mutual dq inductances obtained are shown in Figures 5.7(a) and 5.7(b) respectively. 
The PM flux linkage is obtained using (5.4), where, Eph.k and Ek  are the magnitude and the 
phase angle of peak induced no–load voltage harmonics respectively as shown in Fig. 4 
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Figure 5.7. Self– and mutual inductances for all the configurations in dq plane for computing demagnetization 
currents. (a) dq self–inductances (q1q1). (b) dq mutual inductance (q2q1 and q1d1). 
From (5.3), it is observed that the amount of demagnetization current required is 
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configuration has lowest self–inductance and largest mutual inductance, therefore requires 
large demagnetization currents. Whereas, 10º configuration has largest self–inductance and 
lowest mutual inductance thereby having lowest demagnetization currents. Using the peak 
values of d–axis and q–axis currents obtained from (5.3), the electromagnetic models were 
analyzed for flux densities and magnetic forces for all the winding configurations. The 
demagnetization flux distribution is shown in Figures 5.8 (a) – 5.8 (f). NdFeB magnets 
with remnant flux density of 1.2 T and knee point flux density of 0.4 T are used in all the  
        
                                (a)                                            (b)                                             (c) 
                                    
        (d)                                           (e)                                 (f) 
 Figure 5.8. Demagnetization flux density and demagnetization force density analysis for all the 
winding configurations in dual–three phase 36–slot/34–pole CW PMSM. (a) Flux density for 10º. (b) Flux 
density for 20º. (c) Flux density for 30 º. (d) Flux density for 40º. (e) Flux density for 50º. (f) Flux density 
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for 60º.  
                                       
                             (a)                                                 (b)                                                    (c) 
                                       
                             (d)                                           (e)                                                   (f) 
Figure 5.9. Demagnetization flux density and demagnetization force density analysis for all the winding 
configurations in dual–three phase 36–slot/34–pole CW PMSM. (g) Force density for 10º. (h) Force density 
for 20º. (i) Force density for 30º. (j) Force density for 40º. (k) Force density for 50º. (l) Force density for 60º. 
electromagnetic models. 
The PM demagnetization is observed to be most severe in 30º configuration where 
magnet flux density is below the knee point as shown in Figure 5.8(c). 10º configuration 
has the best demagnetization withstanding capability as seen in Figure 5.8(a) with no or 
less demagnetization in the PM circumference. All the other configurations have less PM 
demagnetization withstanding capability as seen in Figures 5.8(b) – (f). The operating 
temperature of PM is set as 140ºC. For further understanding the impact of phase angle 
displacements on PM demagnetization, the magnetic force exerted by each winding 
configuration on one pole pair was analyzed and illustrated as in Figures 5.9(a) – (f). From 
edge force density chart, it is observed that least dense magnetic flux during 





In this chapter, investigation of  non–conventional phase angle displacements between 
phase sets for dual three–phase 36– slot/34–pole CW PMSM was performed. Apart from 
conventional 30º and 60º configurations, 10º, 20º, 40º and 50º configurations were analyzed 
for MMF harmonics using stator star of slots method. 30º configuration was found to have 
least MMF harmonics. Steady state performances were analyzed for all the configurations. 
The no–load induced voltage harmonics were least in 10º and 20º configurations. In terms 
of torque ripple, 10º configuration was observed to have largest torque ripple and 30º 
configuration had the least. Rotor iron loss and magnet eddy current loss due to space 
harmonics were analyzed, in which 30º configuration delivered superior performance when 
compared to the other winding configurations. However, in terms of demagnetization, 
during short–circuit conditions, 30º has least demagnetization withstanding capability 
whereas 10º configuration has the best demagnetization withstanding capability. Thus, 
depending upon the application requirements and the slot–pole combination implemented 
for a dual–three phase CW PMSM, 30º phase angle displacements was chosen as it yields 
superior performance characteristics in comparison with other phase displacements. 
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Improvement of Torque Profile using Advanced Design 
Optimization Technique for Six–phase PMSM  
6.1. Introduction 
In a conventional EV powertrain, the mechanical gear dampens this torque ripple 
produced by the motor to an extent in terms of inertia. In this chapter, a single on–board 
motor is used to provide torque to both the wheels. In such a scenario, position accuracy 
and speed ripple can be greatly affected by torque ripple especially in low–speed operation. 
Utilizing six phases has been effective in reducing the torque ripple and also provides 
additional advantages such as sinusoidal back emf, high torque density, reduced magnet 
losses and fault tolerance when compared to their 3–phase counterpart as seen from 
Chapter 2 [1]–[4]. Hence, in this chapter a six–phase CW PMSM has been considered for 
design optimization to meet the performance requirements for a direct–drive EV. Intially, 
the performance of baseline six–phase CW SPMSM  has been discussed. Further, a novel 
rotor topology with consequent poles (CP) has been proposed for saving rare earth magnets 
and improving torque density and torque per PM volume. Furthermore, an optimization 
technique has been proposed to meet the research objectives of this dissertation. 
While lumped parameter models have been used in literature for initial sizing and 
analysis of machines, such models lead to inaccurate results when implemented for 
optimization processes [5]–[8]. Extensive developments in computer hardware and 
software technologies enabled the use of finite element analysis (FEA) that represented an 
accurate magnetic circuit geometry for multi–objective optimization [9]–[12]. In [10], a 
multi–objective optimization has been performed for a three–phase PMSM using a 
combination of accurate FEA and controlled random search algorithm. [11] implements a 
hybrid of stochastic and deterministic algorithms for multi–objective optimization of 
PMSM using FEA. However, in all these methods combining an optimization algorithm 
with time step finite element analysis (TS–FEA) for large scale optimization takes long 
execution time [13]. The multi–objective optimization techniques in literature also consists 
of simplified and fast FEA–based methodologies such as computationally efficient FEA 
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(CE–FEA) combined with differential evolutionary (DE) algorithm that has been 
implemented for large scale optimizations [13]–[17]. [17] implements CE–FEA to 
calculate losses, average torque and ripple components under maximum torque per ampere 
control (MTPA). However, such fast FEA methods are implemented only for three–phase 
machines. Thus, considering the drawbacks in existing multi–objective optimization 
methods, this chapter focuses on developing an advanced and novel optimization approach 
for six–phase machines with combined analytical–FEA hybrid model and supervised 
machine learning for reducing the overall computational time for large scale optimization 
problems. For reducing the computational time, surrogate models have been used in 
literature for optimization problems [18]–[19]. In [18] optimization has been performed on 
brushless DC motor using space mapping technique.[19] proposes kriging surrogate 
models assisted evolutionary algorithm for optimization of three phase surface PMSM. For 
this optimization study, support vector regression (SVR) model has been employed, as it 
has higher accuracy for complicated optimization problems, and has more efficient training 
algorithm compared to other surrogate models. [20]  
Initially, a non–conventional extended dq–frame based model is derived and 
implemented for performance analysis of a set of parametric FEA models of six–phase CW 
PMSM. Existing linear and non–linear models on CW PMSM computes average torque 
based on only the fundamental components of permanent magnet (PM) flux linkages and 
inductances [21]–[25]. Thus, the proposed model incorporating higher order space 
harmonics in inductances and PM flux linkage in Chapter 3 has been derived for a six–
phase machine and is used to estimate performance characteristics such as torque ripple, 
average torque and current angle for MTPA load condition. Further, for machine learning, 
SVR model is implemented to expand the solutions in design space and the optimal design 
models with maximum torque density and reduced torque ripple are selected from pareto–
sets. Following the optimization process, the optimal designs obtained from pareto–sets are 
compared for tradeoff study leading to selection of a recommended design. This machine 
learning based approach is expected to reduce the overall computational time when 
compared to existing optimization techniques. Upon performing the optimization on 
baseline CP CW PMSM, using magnetic equivalent circuit the shape of the magnet is 
derived for reducing torque ripple even further in the optimized design.  
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6.2. Structural and  Parameteric Details and Performance Analysis of 
Baseline 36–slot/34–pole Six–phase CW SPMSM with 30 degree 
phase displacement  
The electromagnetic model of baseline six–phase CW PMSM is shown in Figure 6.1 (a). 
The paramteric and structural details of the baseline machine are shown in Table 6.1. The 
baseline machine is developed for structural data calculated in Chapter 2, the optimal slot 
pole combination obtained in Chapter 4 and for optimal phase angle displacement obtained 
in Chapter 5. The research objectives are highlighted in the Table 6.1. Average torque of 
60.2 Nm was obtained from the baseline SPMSM. Rated and maximum speeds of 405 rpm 
and 1,400 rpm were obtained as the target values. Figure 6.2.(b) shows the flux density in 
the baseline SPMSM, which is well within the limits ansd the machine is not saturated for 
rated conditions. The d–axis and q–axis of the machine is highlighted in Figure 6.2.(b). 
The difference in inductances along d–axis and q–axis is observed to be small as the 
reluctance along both of the axis are similar. The material weight contributing to flux path 
in the machine is 12.2 kg. The no–load six phase voltage is shown in Figure 6.2.(a). A FFT 
of the voltage waveforms are shown in Figure 6.2.(b). It is observed that the machine has 
space harmonics of  5th and 7th order. The 3rd order harmonics are present due to phase  
           
                                           (a)                                                                                         (b) 
Figure 6.1. Electromagentic model of basleine six–phase CW SPMSM. (a) Electromagnetic model. (b) Flux 






                                          (a)                                                                                         (b) 
Figure 6.2. Performance of basleine six–phase CW SPMSM. (a) Six–phase induced voltage. (b) Per phase 
induced voltage space harmonics. 
TABLE 6.1. STRUCTURAL AND PARAMTERIC DETAILS OF  BASELINE SIX–PHASE CW 
SPMSM 
voltage waveforms. When the voltages are analyzed line–to–line, the triplen harmonics are 
cancelled due to balanced neutral currents in the machine. Beyond 7th order harmonics, the 
magnitudes are small and can be neglected. Figure 6.3. shows the torque waveform at rated 
speed of 405 rpm and rated current of 9.2 A. The torque waveform is analyzed at rated 
conditions for target torque ripple and torque per PM volume objectives. As seen from 
Figure 6.3. a torque ripple of 0.45 % was obtained which is well below the target of 5% 











































Value Parameter Value 
Average torque 70.2 Nm Electrical Steel DW310 
Magnet width 11.23 mm Magnet type NdFeB 
Magnet thickness 5 mm Torque/PM volume 5.93*10-3 Nm/mm3 
Rated speed 405 rpm Air–gap length 1 mm 
Maximum speed 1,400 rpm Shaft diameter 90 mm 
Peak phase current (Ipk) 15.5 A Ld 2.42 mH 
Torque ripple 0.45 % Lq 2.61 mH 
Rated efficiency 92 % Active weight 12.2 kg 




Figure 6.3. Electromagnetic torque profile for baseline CW SPMSM at rated speed of 405 rpm. 
material. The space harmonics in the baseline SPMSM is less thereby, contributing to 
reduced torque ripple. However, the torque per PM volume and torque density can be 
significantly improved in the baseline machine. Therefore, a novel consequent pole 
topology is proposed in the next section to improve these objectives. 
6.3. Consequent Pole PM for Saving Rare Earth Magnet Material 
To improve torque per PM volume and to reduce the use of magnets in a conventional 
SPMSM, a novel consequent pole (CP) topology has been implemented for a six–phase 
stator. In a CP rotor, the south poles in an conventional SPMSM are replaced by steel, 
thereby reducing the amount of magnets to hals. Now, steel acts as an induced south pole. 
The electromagnetic models of SPMSM and CP PMSM are shown in Figure 6.4 (a) and 
(b) respectively.  
CP rotor topology is historically quite well known in distributed winding PM machines 
with CP winding [26] and in bearingless motors for improved suspension force 
characteristics [27], [28]. It is also known that CP rotor topology helps to improve field 
weakening capability [26], [29], [30]. Even for linear synchronous motors, CP structure 
can be used to reduce the total amount of PM [31]. However, there is no literature on CP 
rotor for six–phase PMSM for direct–drive application according to author’s knowledge.  
The magnetic equivalent circuits of both SPMSM and CP PMSM are shown in Figure 
6.5. Observing the equivalent circuits of both these machines, under one pole pair, the flux 
path in SPMSM encounters two magnet’s reluctances, which is similar to reluctance of air, 
therefore saliency in an SPMSM is less. Whereas, by introducing an induced steel pole 
























     
                                          (a)                                                                            (b) 
Figure 6.4. Comparison of flux path in Conventinal SPMSM and CP rotor topology. (a) SPMSM. (b) CP 
PMSM. 
 
                                                   (a)                                                               (b) 
Figure 6.5. Magnetic equivalent circuits of SPMSM and CP PMSM for one pole pair. (a) SPMSM. (b) CP 
PMSM. 
reluctance and one steel reluctance thereby increasing the saliency adding to reluctance 
torque. A comparison of toruqe at rated speed of 405 rpm in conventional SPMSM and CP 
PMSM is shown in Figure 6.6 (b). It is observed that by reducing the number of magnets 
to half in a CP rotor, the torque reduced only by 14 %. Space harmonics of no–load induced 
voltages are shown in Figure 6.6 (a). Due to the CP rotor, the 5th and 7th order harmonics 
in the induced voltage has increased. As explained previously there is an increase in 
saliency in CP rotor as illustrated in Figure 6.6 (c) and the magnet loss has reduced by 45% 
due to less usage of magnets aiding to improved efficiency. A commonly addressed 
challenge in an CP rotor topology is the unbalanced magnetic force (UMF) due to 
introduction of steel pole which leads to noise and vibration in the machine [27]. However,  




        (a)                                                                     (b) 
 
                                                          (c)                                                              (d) 
Figure 6.6. Performance analysis and comparison of SPMSM and CP PMSM. (a) Induced voltage harmonics. 
(b) Torque profile. (c) Saliency ratio. (d) Magnet loss. 
this unbalanced magnetic pull is present only in certain slot–pole combinations of the 
machines. Usually, UMF is a resultant of even order harmonics in the induced EMF 
waveforms due to asymmetrical distribution of winding layout and poles. To determine if 
the optimal slot–pole combination of 36–slot/34–pole selected in Chapter 4 has UMF, a 
methodology shown below is adapted. The UMF is identified based on the periodicity g in 
a machine which can be determined as (15) [27].  
 , 2Pg GCD S                                                      (6.1) 
For a machine with even periodicity and even pole pairs, the UMF does not exist. 
Whereas, for unity periodicity and odd pole pairs, UMF exists. For periodicity of orders 


















































































Algorithm to determine UMF in CP rotors 
Step 1: Define SPC dataset 
Step 2: Compute g using (6.1) 
Step 3: If g is even, P/2 is even, UMF does not exist 
Step 4: If g is 1, P/2 is odd, UMF exists 
Step 5: If g is 2k±1, P/2 is odd, UMF does not exist 
 
combinations, a CP rotor with FSCW stator is not feasible. This procedure of determining 
the presence of UMF in an SPC for any phase number is summarized as algorithm below. 
Using the procedure, it was found that 36–slot/34–pole machine has no UMF. 
Consequent–pole PMSM was found to have the following advantages compared with the 
traditional SPMSM. 
1) The rotor structure of consequent–pole machines requires a lower number of PMs, 
which results in cost reduction. 
2) It increases the reluctance torque, which yields a higher torque density. 
3) It reduces the fringing linkage flux and subsequently the flux linkage increases. 
Hence, reducing the amount of magnets to half still produces more than half the 
torque produced by SPMSM. 
4) The total eddy current losses in magnets reduce because the number of magnets is 
lower. 
In the further sections, a novel optimization technique is implemented on baseline six–
phase CW CP PMSM to achieve rated torque of 70 Nm, improve torque density and 
reduce torque ripple caused by increase in 5th order and 7th order harmonics in the CP 
rotor topology.  
6.4.  Modelling of 36–Slot/34–Pole 6–Phase CP PMSM for Direct–drive 
EV 
The design targets set for the direct–drive EV motor are: 1) high torque density with low 
torque ripple; 2) high efficiency; and 3) low cost. In this chapter, a robust parametric FEA 
model of six–phase 36–slot 34–pole CW consequent pole (CP) PMSM has been considered 
for multi–objective optimization. A slot–pole combination of 36–slot and 34–pole was 
selected using the procedure described in Chapter 4 [32], due to high winding factor, 
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leading to increase in average torque production, low cogging torque, low inductance and 
EMF harmonics. The electromagnetic model of this machine shown in Figure 6.8.  is driven 
by current excitations including time harmonics developed from vector space 
decomposition (VSD) model [33]. A CP rotor has half of the number of magnets in a 
conventional SPMSM replaced by steel, thereby reducing PM volume consumption and 
cost. Steel now acts as an induced pole [34]. Hence unlike SPMSM, there is saliency in the 
machine due to difference in the reluctances along d– and q–frame flux paths as discussed 
in previous section. Therefore, it is of importance to find the optimal current angle (γ) to 
obtain maximum torque under MTPA load condition. In this section, a novel extended dq–
frame based model is proposed for computing the performances of a six–phase CW PMSM 
such as torque, torque ripple, and optimal γ for MTPA load condition. This extended dq–
frame based model considers higher order space harmonics in PM flux linkage and 
inductances and has been previously derived and verified for a three–phase machine in 
Chapter 3 [35]. 
6.4.1. Computation of 6–phase dq–frame based Inductances and PM Flux Linkage  
The six–phase PMSM used in this paper consists of two three–phase windings shifted by 
π/6 as shown in Figure 6.7. (a,b,c) and (d,e,f) are used to denote the two sets of windings. 
Dual dq– frame is used for representing the parameters of the case study motor. The six–
phase inductances, Labcdef are transformed to dual dq–frame based inductances, Ld1, Ld2, Lq1 
and Lq2 using (6.2). 
1 1 2 2
T T
d q d q abcdefL L L L C L C                                        (6.2) 
where, the transformation matrix C is defined as in (6.3).  
   
   
   
   










1cosθ -sin 0 0 02
1cos -sin 0 0 02
1cos -sin 0 0 022C=
3 π π 10 0 0 cos θ+ -sin θ +6 6 2
π π 10 0 0 cos θ- -sin θ 2
5π 5π 10 0 0 cos θ+ -sin θ +6 6 2
 
 
    
 











                             (6.3) 
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Upon transforming the six–phase–frame inductances using the transformation matrix, new 
dq–frame based inductances are obtained which includes two frames namely, dq1 and dq2. 
The variables with subscript “1” denote that it is in dq1 frame and the variables with 
subscript “2” denotes that it is in dq2 frame. A Fourier series representation of inductances 
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                                  (6.5) 
Ld1 and Lq1, Ld2 and Lq2 are the dq1–frame and dq2–frame inductances, respectively which 
is a superposition of DC component denoted with subscript “0” and spatial harmonic  
TABLE 6.2.DESIGN TARGETS FOR THE DIRECT–DRIVE MOTOR  
Continuous torque 70 Nm 
Continuous power 3 kW 
Maximum DC bus voltage 450 VDC 
Rated speed (rpm) 400 
Torque ripple (% of peak torque) < 5% 
 
Figure 6.7. Six–phase stator configuration. 
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TABLE 6.3. STRUCTURAL DETAILS OF THE BASELINE CP PMSM 
Outer diameter of stator 195 mm Air–gap  2 mm 
Thickness of magnet 4 mm Inner diameter  134 mm 
Width of magnet (Wmag) 12.11 mm Turns/phase (Tph) 84 
Type of magnet NdFeB 35 Slot fill factor 75% 
Type of steel M19 29G Slot opening (Bs0) 5.0 mm 
Yoke thickness (τyoke) 43 mm Stack length  75 mm 
 
components denoted by subscript “k” as in (6.4). The spatial harmonics content in dq1– and 
dq2–frame inductances are of the order 6k±2. These spatial harmonics contribute towards 
torque ripple. θ is the rotor position and φL is the phase angle of inductance harmonics. 
Similar to inductances, the six–phase flux linkages, ψabcdef are transformed to dual dq–
frame flux linkages, ψd1, ψd2, ψq1 and ψq2 using (6.6). 
1 1 2 2
T T
d q d q abcdefC                                       (6.6) 
A Fourier series representation of flux linkage obtained in (6.6) is written as in (6.7) and 
(6.8), respectively. ψd1 and ψq1, ψd2 and ψq2 are the dq1– and dq2–frame flux linkages 
respectively. ψd1 is superposition of PM flux linkage ψd1,PM  and space harmonics ψd1k. 
Whereas, ψq1, ψd2  and  ψq2 consists only of the space harmonics component denoted by 
subscript “k”. The spatial harmonics content in dq–frame flux linkage is of the order 6k ±1 
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The parametric FEA models were driven by current excitations obtained from VSD 
model. Fourier series representation of transformed six–phase currents are shown in (6.9) 
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                                     (6.10) 
The DC currents in dq2 frame are zero and consists of time harmonics component alone. 
Whereas, dq1 frame currents are a superposition of DC component denoted by subscript 
“0” and time harmonics denoted by subscript “h”. The time harmonics are of the order 6h 
where h= 2, 4, 6… in dq1 frame and h=1, 3, 5 in dq2 frame. γ is the current angle and φI is 
the phase angle of time harmonics. 
6.4.2. Current Angle for MTPA Load Condition 
The objective of the optimization is to maximize the torque under MTPA condition 
along with minimizing torque ripple. Using the dual dq–frame inductances, flux linkages 
and currents, the electromagnetic torque consisting of average torque and ripple torque are 
derived in this section. Further, the current angle for maximum torque in MTPA condition 
is derived from electromagnetic torque. The electromagnetic torque for a PMSM under 
steady state can be described by (6.11) using magnetic co–energy [36]. 
 3 2e avg ripplePT T T                                        (6.11) 
The average torque Tavg, can be written as interaction between PM flux linkage and DC 
component of q–axis current and torque obtained due reluctance between DC components 
of dq1 frame inductances as in (6.12). Since the DC component of currents in dq2 frame are 




 1, 10 10 10 10 10( )avg d PM q d q d qT I L L I I                       (6.12) 
Ripple torque Tripple can be written as in (6.12). It is an interaction of dq1 and dq2 currents 
with harmonics in dq1 and dq2 frames of inductances and flux linkages. The ripple 
component of torque is a function of rotor position. The cross–coupling effect between dq1 
and dq2 frames are neglected. 
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              (6.13) 
To maximize average torque in MTPA load condition, dq–frame currents in (6.11) are 
written with respect to γ in (6.14).  
  21, 10 103 sin sin cos2avg d PM d qPT I L L I                         (6.14) 
Equating the derivative of expression in (6.15) to zero can yield the angle γ for maximum 
torque as shown in (6.16). This is the expression used to obtain the MTPA load condition. 
     2 210 103 cos 2 cos 12avg d q














          
 
                             (6.16) 
The six–phase frame inductances and flux linkages from parametric FEA models were 
given as input to the analytical model to obtain the outputs of average torque using (6.12), 
torque ripple using (6.13) and γ for MTPA load condition using (6.16). 
6.5. Formulation of Optimization Problem for the 36–Slot/34–Pole CP 
PMSM 
The multi–objectives for the optimization of six–phase CP PMSM design is as follows: 
 Maximizing torque production  
 Minimizing torque ripple, cost and losses 
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The above objectives can be written as: 
     
1



























                                                                 (6.18) 
The main challenges encountered while designing direct–drive motor for EV is the limited 
onboard space along with stringent vibration and noise requirements due to absence of 
gearbox. In a conventional EV, the gear box in the powertrain dampens the mechanical 
vibrations to an extent. Hence, torque density and torque ripple are two of the most 
important design goals. f1 is the average torque and f3 is the torque ripple defined as in 
(6.12) and (6.13), respectively. f2 is a maximizing function named “loss factor”, defined as 
ratio of electromagnetic torque and square root of core loss (WFe), copper loss (WCu) and 
magnet loss (WPM). For varying current angle computed from (6.16), the copper loss, core 
loss and magnet loss were computed from FEA. f4 is the “cost factor” defined as the ratio 
of total cost and electromagnetic torque.  
TABLE 6.4. PARAMETERS TO BE OPTIMIZED AND THEIR BOUNDS 
Parameters to be optimized Lower bound Upper bound 
Bs0 2 mm 8 mm 
Wmag 11 mm 17 mm 
τyoke 32 mm 45 mm 
Rotor teeth width (Wrteeth) 12 mm 15 mm 
The total cost of the PMSM is defined as in (6.19).  
cost cu Fe PMT C C C                                                   (6.19) 
where, Ccu, CFe and CPM are the costs of copper, steel and PM materials used in the PMSM 
respectively. The cost of each material was calculated as the product of mass and cost/kg 
of the material used. To achieve the design goals of maximizing torque density, loss factor 
and minimizing torque ripple and cost factor, design variables were selected for 
optimization during the design of CW CP motor, as shown in Table 6.4. In order to achieve 
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the design goal of high torque density, magnet pole arc length (Wmag) was chosen as the 
design variable. Similarly, for minimizing torque ripple and cost factor, slot opening (Bs0) 
and rotor back iron (τyoke) was selected for optimization. The upper bound for Wmag and 
lower bound for τyoke was computed based on the saturation limits of rotor yoke flux 
density which was set to less than 0.95 T. The lower bound for Bs0 was set based on 
saturation limits of stator teeth flux density which was set to less than 1.7 T. The other 
bounds were computed using basic geometrical equations. Two main constraints stator 
teeth flux density (Byoke) and rotor yoke flux density (Bteeth) were considered in the 
optimization study as shown in Table 6.5. 
TABLE 6.5. CONSTRAINTS FOR THE OPTIMIZATION PROBLEM 
Constraints Limits 
Byoke < 0.95 T 
Bteeth < 1.7 T 
6.6. SVR based Optimization Study of Six–phase 36–slot/34–pole CP 
PMSM   
In this section, an optimization study of the six–phase 36– slot/34–pole CP PMSM is 
discussed. Initially, a parametric sweep of geometrical variables was performed to obtain 
the initial design candidates from TS–FEA and the extended dq–model was used to 
compute the objectives. Further, SVR algorithm was used for supervised learning and 
increasing the number of solutions within the design space. From the design space, optimal 
design candidates were selected based on pareto–front technique. 
6.6.1. Creation of Parametric FEA models 
The electromagnetic model of the six–phase CP PMSM was developed using 2D ANSYS 
Maxwell software and is illustrated in Figure 6.8. TS–FEA was used to obtain an initial 
200 design candidates. In order to obtain the maximum torque under constant torque 
region, it is important to find optimal γ. Therefore, the performance characteristics are 
obtained in six–phase (abcdef) frame and then the analytical equations developed in 




Figure 6.8 Parametric electromagnetic model of 36–slot/34–pole CP PMSM. 
The initial 200 design candidates were obtained by parametric sweep of the geometrical 
variables as shown in Table 6.3 while keeping a check on the constraints as defined inTable 
6.5. The variables to be optimized, were swept within their bounds for a speed step of 100 
rpm. The output performance of abcdef frame flux linkages and inductances were obtained 
for the geometrical variation of the 200 design candidates. Further, using (6.1)– (6.7), the 
dq frame based flux linkages and inductances are obtained for these candidates. Using the  
              
                                             (a)                                                                                         (b) 
 
             




              
                                                (e)                                                                                     (f) 
Figure 6.9. Variation of objective functions with respect to geometrical parameters for initial 200 design 
candidates. (a) Variation of loss factor and torque ripple as function of slot opening. (b) Variation of loss 
factor and torque ripple as function of yoke thickness. (c) Variation of loss factor and torque ripple as function 
of Wmag. (d) Variation of cost factor and torque as function of slot opening. (e)Variation of cost factor and 
torque as function of yoke thickness. (f) Variation of cost factor and torque as function of Wmag. 
dq–frame based flux linkages and inductances, the average torque and torque ripple are 
computed using (6.11) and (6.12), respectively.Similarly, loss factor and cost factor are 
obtained for varying geometry and current angles using (6.16) and (6.17), respectively. 
Since the focus here is to improve torque profile under constant torque region, the field–
weakening performance was neglected. Figure 6.9. illustrates the relationship between the 
geometrical parameters and the objective functions. This relationship is used as training 
data set and is given as an input to the SVR algorithm to increase the design space. The 
total computation time for one design candidate using TS–FEA and analytical equations 
was approximately 3 minutes. 
6.6.2. Support Vector Regression for Exploration of Design Space 
SVR is a powerful structural risk minimization machine learning technique based on 
statistical learning theory and very useful for solving non–linear and high dimensional 
models [37],[38]. Moreover, SVR does not only have the simple structure, but also 
effectively avoids local optimal solutions. The SVR algorithm first requires a training 
dataset to learn the relation between the input and output variables and thereby predict the 
additional data to increase the number of solutions in the design space. This training dataset 
is defined as a fraction of the analytically computed objectives obtained as a function of 
the design variables as shown in Figure 6.8. Thus, if the total input data is defined by a set 
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Х, the training data is defined as (xi, yi) € X. The primary objective in SVR is to define a 
function f(x) as in (6.20) that accurately relates the design variables, xi and output 
functions, yi. Thus, a deviation factor,  is defined to minimize the error in computation 
and any data point that results in an output function that exceeds the deviation will be 
disregarded. Consequently, from Figure 6.9, it can be observed that there is a linear 
relationship between the input variables and the output functions which are limited within 
the deviation range. By using the linear function, low–dimensional space can be mapped 
into high–dimensional feature space. 
  bxwxf  ,                                                   (6.20) 
where, °, ° is the dot product, and b is the threshold. The objective of f(x) is to minimize 
||||2 = <, >. However, there is a possibility that for certain data points, the output 
function lies beyond the deviation limit and such points are defined as outliners. These 
conditions can be predefined with slack variables ξi, ξi* to adjust the values for feasible 
constraints of the optimization problem. Thus, the SVR problem can be defined as (6.21). 































                                  (6.21) 
where, C is a positive number. The predicted data can be defined as a hyperplane as shown  
  







in Figure 6.10.  is the deviation boundaries defined along the hyperplane where the ξ 
outliners are used for considering values beyond the deviation error.  
         
                                                        (a)                                                                 (b) 
Figure 6.11. SVR algorithm results. (a) Mean squared error. (b) Regression plot for loss factor 
Algorithm: SVR  
Step 1 
Normalization of input dataset of design variables, Bs0, Wmag and 
τyoke 
Step 2 
80% of data is set for training, 10% is set for testing and 10% for 
validation of SVR. 
Step 3 Initialize the SVR algorithm with the hyperplane parameters 
Step 4 Train the SVR algorithm for the input dataset. 
Step 5 
Validate if the predicted output results are matching with the 
outputs, cost factor, loss factor torque ripple and torque 
Step 6 Repeat steps 3 – 5 till SVR is optimized 
Step 7 Test the optimized SVR with 10% of dataset 
Step 8 
Once desired accuracy is achieved, use the model for generating 
new values of Bs0, Wmag and τyoke 
Step 9 
Predict the output values using (6.20) and (6.21) and compare it 
to the hyperplane to minimize the error. 
Step 10 Repeat from Step 5 for new dataset 
The total time for supervised learning and obtaining the design candidates was 
approximately 20 minutes. Based on the design specifications and constraints introduced 
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previously, SVR was used to optimize and yield a total of 10,000 design candidates. The 
procedure adopted in summarized in Algorithm 6.1. The mean squared error for training, 
validation and testing as a function of number of iterations is shown in Figure 6.11(a). The 
best value was obtained after 32 epochs. A sample of regression along the hyperplane is 
shown in Figure 6.11(b) for the output and target values of loss factor. All the predicted 
design variables as a function of objectives is shown in Figure 6.12. The computational 
time using CE–FEA to obtain 10,000 design candidates is 1,666 minutes considering each 
model would take 10 seconds with the same workstation setup as in [13]. Also, using TS–
FEA for the entire 10,000 design candidates will take 30,000 minutes with one design 
taking three minutes as mentioned in the previous section. The proposed method takes 
approximately 620 minutes to obtain 10,000 design candidates saving large execution time. 
6.6.3. Selection and Comparison of Optimal Designs  
The results obtained from SVR algorithm was represented on a 4–D plane as in Figure 
6.13. The objectives namely, cost, torque ripple, torque and efficiency are plotted for all 
the design candidates. The pareto–optimal front technique is used to select the optimal 
design candidates. It is defined as collection of results for which an improvement of only 
one objective can be achieved through deterioration of the other objectives in a multi–
objective optimization technique [39]. Three design candidates labeled D1, D2 and D3 in 
Figure 6.13. were selected as optimal candidates. D1 has the least torque ripple and cost, 
D2 has the maximum efficiency and torque whereas D3 is a mediocre in torque and 
efficiency and has highest cost and torque ripple percentage. The cross section of all the 
three design candidates with their flux paths are shown in Figure 6.14. The design 
constraints are highlighted in the figure and have satisfied the constraints specified in Table 
6.5. The design variables of the optimized designs are presented in Table 6.6. The 
comparison of the objectives obtained from analytical model and  optimization procedure 
is presented in Table 6.7. This comparison is for rated speed of 405 rpm. D1 has the least 
torque ripple while D3 has the highest torque ripple of 2.68% amongst the optimal designs. 
However, considering that the target torque ripple percentage was set to 5%, as shown in 
Table 6.2, all three designs satisfy the requirements. Cost of the optimal designs are 
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                                       (e)                                                                                           (f) 
Figure 6.12. Variation of objective functions with respect to geometrical parameters for 10,000 design 
candidates obtained from SVR. (a) Variation of loss factor and torque ripple as function of slot opening. (b) 
Variation of loss factor and torque ripple as function of yoke thickness. (c) Variation of loss factor and torque 
ripple as function of Wmag. (d) Variation of cost factor and torque as function of slot opening. (e)Variation of 





Figure 6.13. Scattered 4–D plane representing the objective functions for 10,000 design candidates obtained 
from SVR. Three recommended designs D1, D2 and D3 are identified on the pareto–front 
TABLE 6.6.DESIGN VARIABLES OF THE SELECTED MACHINE DESIGNS FROM FIG. 6.7. 
Design Variables [mm]  Baseline D1 D2 D3 
Bs0  5 2 2 2 
Wmag  12.2 11.23 15.2 16.5 
τyoke  43 43.4 32.4 32.4 
Wrteeth  12.23 13.2 9.23 7.93 
obtained for D3 due to maximum PM volume consumption. Even though the baseline has 
least cost when compared to optimal designs, it failed to deliver the target torque. Hence 
in this optimization study when the objective of minimum cost was defined, it was intended 
to be kept as close as possible to the baseline cost. 
TABLE 6.7. PERFORMANCE OF THE SELECTED MACHINE DESIGNS FROM FIG. 6.7. 
Performance Baseline D1 D2 D3 
 Torque [Nm] 60.8 68.85 70.21 71.32 
Torque ripple [%] 2.966 2.41 2.515 2.688 
Cost [pu] 0.78 0.82 0.93 1 
Efficiency [%] 92.75 94.02 94.16 94.09 
Total loss [W] 201.55 185.71 184.12 189.98 












Figure 6.14. Cross–section of the three optimal designs of six–phase 36–slot/34–pole CP PMSM obtained 
from pareto–front indicating the constraints (Byoke and Bteeth), magnet flux density and their flux plots. (a) D1. 
(b) D2. (c) D3. 
In this trade– off study, the performances such as efficiency and average torque were 
given a higher priority over cost.The efficiency of the baseline machine at rated speed of 
405 rpm was 92.75% while delivering a torque of 60.8 Nm. The efficiency map all the three 
 Bmag 1.18 T 
 Bteeth  1.48 T 
 Byoke 0.78 T 
 Bmag 1.2T 
 Bteeth  1.51 T 
 Byoke 0.84 T 
 Bmag 1.13 T 
 Bteeth  1.41 T 
 Byoke 0.65 T 
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optimal designs for MTPA regions are shown in Figure 6.15. For design candidate D1, the 
efficiency at rated speed was found to be 94.02% delivering a torque of 68.85 Nm. For 
design candidates D2 and D3, the efficiency at rated conditions was 94.16% and 94.09% 
delivering a torque of 70.21Nm and 71.29 Nm, respectively. D3 has the maximum PM 
volume which resulted highest torque when compared to other designs. Also, D2 was found 
to have larger maximum efficiency region when compared to D1 and D3.  The optimal γ in 
D1, D2 and D3 was obtained as 7.3, 4.5 and 4.25, respectively. Even though the stator 
configuration and Tph were kept constant during the optimization procedure, the variation 
in γ was obtained due to change in magnet dimensions, leading to change in PM flux 
linkage. For the γ obtained, the current excitations from VSD model were given as input to 
. 
  
(a)                                                                        (b)                
 
(c) 
Figure 6.15. Efficiency maps under constant torque region for three optimal designs of six–phase 36–slot/34–
pole CP PMSM. (a) D1. (b) D2. (c) D3. 
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the electromagnetic models of the optimal designs D1, D2 and D3 to compute the total 
loss that consists of PM, core and copper. 
Apart from the objectives of the optimization problem, the three optimal designs D1, 
D2 and D3 were analyzed in detail for other performance characteristics. In a CP PMSM, 
an induced pole is present, and the magnets are close to the airgap which makes it more 
prone to demagnetization. Therefore, demagnetization analysis was performed for the three 
optimal designs for rated and short– circuit conditions. The flux density of the magnet 
(Bmag) at rated condition of 70 Nm and 405 rpm is 1.13 T, 1.18 T and 1.2 T for D1, D2 and 
D3 respectively which is well within the demagnetization limits. 
Demagnetization analysis for the three optimal design candidates has been performed 
for short–circuit conditions. The short circuit currents for each of these optimum designs 
was calculated using [40]. The percentage of demagnetization from rated condition to short 
circuit condition for D1, D2 and D3 was 52%, 61% and 66% respectively. The flux density 
distribution at short circuit conditions are shown for all the three optimal designs in Figure 
6.16. Although D1 has demagnetized the least, it fails to provide the rated torque. On the 
other hand, D2 has lower demagnetization when compared to D3. 
                
                                                            (a)                               (b)                                      (c) 
Figure 6.16. Demagnetization characteristics for short circuit condition for three optimal designs of six–phase 
36–slot/34–pole CP PMSM. (a) D1. (b) D2. (c) D3. 
The magnet loss and core loss as function of speed for the optimal designs are compared 
and presented in Figures 6.17(a) and 6.17(b), respectively. D3 has the maximum magnet 
loss which is 11% and 34% higher than D2 and D1, respectively. Whereas, D2 has 4% and 
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8.5% higher core loss than D1 and D3 respectively. Core loss at low speeds of 100 rpm are 
almost same for all the three optimal designs since the operating frequency is low. The 
total harmonic distortion (THD) percentages were also computed as function of speed for 
optimal γ as shown in Figure 6.18(a). Variation of flux harmonics with respect to speed is 
minimum, due to this the THD% for D1, D2 and D3 are almost constant for all the speeds.  
 
                                                     (a)                                                                                   (b)  
Figure 6.17. Comparison of magnet and core loss for optimal designs of six–phase 36–slot/ 34–pole CP 
PMSM obtained from pareto–front. (a) Magnet loss. (b) Core loss.  
 
                                                (a)                                                                                  (b)  
Figure 6.18. Comparison of THD and power factor for optimal designs of 36–slot/ 34–pole CP PMSM 
obtained from pareto–front. (a) THD. (b) Power factor. 
D3 has the maximum THD of 25%. D3 exhibits maximum torque ripple and THD when 
compared to the other two designs. Slot opening was chosen as a design variable to 
minimize torque ripple. However, in all the three optimal designs the slot opening was 








































































to the change in rotor space harmonics and current harmonics due to different optimal γ in 
all three machines. Further, the power factor for different speeds were analyzed for D1, D2 
and D3 and illustrated in Figure 6.18(b). At low speeds of 100 and 200 rpm, D2 and D3 
are observed to have almost the same power factor. However, at rated speed of 405 rpm, 
D2 has the maximum power factor of 0.82 pu. 
From a mathematical point of view, the recommended designs satisfy the constraints and 
represent a good solution in terms of objective function value. However, considering that 
the three design candidates have torque ripple percentage less than the target, the priority 
of selecting the best design candidate was based on average torque and efficiency. Hence, 
D2 was selected as the optimal design candidate from the optimization process. 
6.7. Magnet Shaping in Optimized 36–Slot/34–Pole CP PMSM for 
Further Reduction of EMF Harmonics 
To further reduce torque ripple in optimized CP CW PMSM, the magnet has been shaped 
for one particular angle using magnetic equivalent circuit. Figure 6.19 shows the shape 
before and after along with PM arc angle and shape angle of the magnet. From the magnetic 
circuit of a CP PMSM shown in Figure 6.5(b), the air–gap flux in terms of MMF from 
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where, Rm , Rg, Rs and Rr are reluctances of magnet, air–gap, stator yoke and rotor core 
respectively. The reluctances of iron is considered as infinite and therefore, the air–gap 
flux Φg can be simplified accordingly.The air–gap flux density above the magnet, Bm can 
be written as a function of  air–gap flux and area Agm above the magnet as shown in 
(6.23).Similarly, the the flux density above the induced pole can be written in terms of air–
gap flux and area above the induced pole, Agp as in (6.24). lg is the length of the air–gap, p 
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The total fundamental air–gap flux density can be written as a function of Bm and Bp from 
(6.23) and (6.24) is derived as in (6.25).  
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                 (6.25) 
The pole arc can be related to pole arc angle as shown in (6.26). Substituting for αPM in 
terms of αarc in (6.25), air–gap flux density is derived as a function of pole arc angle as in 
(6.26). For magnet shaping, this pole arc angle can be found for one harmonic order. 
                   
                                                (a)                                                                           (b)  
Figure 6.19. Magnet shaping using magnetic equivalent circuit of CP PMSM. (a) Magnet pole arc and PM 





































                                 (6.26) 
In case of optimized CP PMSM, the 5th and 7th order harmonics are still present in small  
quantities. Substituting for Bg in terms of Φg fundamental and harmonics and Ag, the pole 
arc angle can be derived as in (6.27). 
 
                                              (a)                                                                             (b)  
 
(c) 
Figure 6.20. Performance comparison of optimzied CP PMSM before and after magnet shaping. (a) Induced 



















































































A F                 (6.27) 
As seen from Figure 6.20(a), before shaping, 5th order and 7th order harmonics are 
predominant in the optimized CP PMSM. Since the magnitude of 5th harmonics is greater 
than 7th, the magnet pole was shaped to reduce 5th order space harmonic. For a harmonic 
value of k=5, the αarc was found to be 13 deg. However, upon th shaping the pole arc to 
13 deg, both 5th and 7th order harmonics in no–load induced voltage reduced by 3.2 V and 
2.5 V respectively owing to more sinusoidal shape of the magnet. The torque ripple after 
magnet shaping has reduced by 0.8 % as seen in Figure 6.20(b). The average torque before 
and after shaping the magnet remained as 70 Nm at rated speed of 405 rpm as shown in 
Figure 6.20(c). 
6.8.  Summary 
In this chapter, the performance of baseline SPMSm with six–phase configuration was 
analyzed. To improve torque per PM volume and torque density in the conventional 
SPMSM, a consequent pole rotor topology was proposed. In this topology the utilization 
of magnets was reducing to half thereby reducing the rated torque only by 17%. In order 
to improve the torque density and reduce torque ripple in the baseline CP PMSM, a non–
conventional multi–objective optimization procedure was proposed and implemented for a 
six–phase CP PMSM. An extended dq–frame based model was presented for determining 
torque, torque ripple and optimal current angle for maximum torque under MTPA load 
condition for a six–phase PMSM. Using the analytical model and SVR, 10,000 design 
candidates for six–phase 36–slot/34–pole case study machine were obtained, out of which 
three design candidates, D1, D2 and D3 were recommended using pareto–optimal front 
method. D2 was selected optimal design due to its high average torque and efficiency. The 
torque and torque ripple are significantly improved from the baseline design. The proposed 
procedure saves overall computational time by employing supervised learning and can be 
implemented for large scale optimization. To further reduce torque ripple in the optimized 
CP PMSM, the magnet was shaped using magnetic equivalent circuit. In the next chapter, 
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the final optimized CP PMSM with shaped magnet is analyzed for torque, speed and 
efficiency characteristics and is tested for various drive–cycles. 
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Drive Cycle based Analysis of the Optimized Proposed PMSM 
7.1. Introduction 
The six–phase CP PMSM has been optimized in the previous chapter to obtain the target 
torque profile. However, in a practical electric vehicle application, the motor performs at 
various torque and speed operating conditions while driving. Therefore, it is of utmost 
improtance to evaluate the machine performance across a wide range of operating 
conditions. This will help in analysing the efficiencies at which the proposed PMSM will 
operate while subjected to various torque and speed loading conditions.In this chapter, 
initially the performance of the proposed PMSM is analyzed in detail using FEA. Further, 
a vehicle dynamics model is used to compute the torque for vehicle parameters of Ford 
Focus 2018 model. Furthermore, the torque–speed charateristics and efficiency of the 
proposed PMSM is analysed for the Urban Dynamometer Driving Schedule (UDDS) for 
city driving, the Highway Fuel Economy Driving Schedule (HWFET) for highway driving 
and US–06 drive–cycle. 
7.2. Performance Analysis of the Optimized 36–Slot/34–Pole CP PMSM 
The electromagnetic model of the optimized machine has been shown in Figure 7.1. In 
this section the performance of optimized 36–slot/34–slot CP PMSM has been analyzed 
and compared with the target as shown in Table 7.1. The values obtained for the objectives 
of this research are highlighted in the table. Torque ripple is less than target and a torque 
density of 13.72 Nm/kg was obtained considering the active material weight. However, the 
target torque density is based on the overall weight of the machine. The speed and peak 
efficiency targets were also reached. Intially, the performance of the optimized CP PMSM 
is analyzed in terms of torque, speed and efficiency. Further analysis in terms of 
inductances, flux linkages and torque ripple has been performed and discussed in Chapter 
8. To analyze the proposed PMSM for a drive cycle, the parameters such as torque, speed 
and efficiency are vital. For a rated rms phase current of 6.5 A, the continuous 
characteristics of torque is obatined for various speeds as shown in Figure 7.2. for various 
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speeds, the current angle was computed using (6.16) and for the current angle obtained, the 
maximum torque was computed using (6.14). For the continuous operation, the proposed 
PMSM delivered a rated torque of 70.6 Nm until a speed of 405 rpm. Beyond the base 
speed, the voltage reached a rated value of 200 V line–to line and the machine entered flux 
weakening region. A maximum speed of 1,500 rpm was obtained with a CPSR of 3.7. 
Using the same torque equations, the machine was analyzed for peak performance 
characteristics as shown in Figure 7.2. For the peak characteristics a maximum phase 
current of 15 A was given as input to the electromagnetic model. For both  continuous and 
peak conditions, the current excitations to  the electromagnetic model were considered  
 
Figure 7.1. Electromagnetic model of the proposed PMSM. 
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                                           (a)                                                                                         (b) 
Figure 7.3. Efficiency maps of the proposed PMSM until  base speed of 405 rpm. (a) Continous. (b) Peak. 
sinusoidal. A peak torque of 146.2 Nm was obtained until a speed of 380 rpm. A peak 
power of 6 kW was obtained until maximum speed of 1,500 rpm. However, in a practical 
application, the machine is required to deliver peak characteristics only for a few seconds. 
The temperature rise in the machine while delivering the peak characteristics was not 
analyzed in this study. 
TABLE 7.1. COMPARISON OF TARGET AND OBTAINED PERFORMANCE PARAMETERS OF THE 
PROPOSED PMSM 
Parameter Target Value 
Continuous Power [kW] 3 kW 3 kW 
Continuous Torque [Nm] > 70 Nm 70.6 Nm 
Peak Power [kW] 6 kW 6.2 kW 
Peak Torque [Nm] 140 Nm 146.2 Nm 
Torque Ripple [%] < 5% 1.2% 
Active Weight [kg] < 15 10.65 
Torque Density [Nm/kg] >7.5 13.72 
Efficiency > 95% 95.3% 
Maximum Speed [rpm] 1,400 rpm 1,500 rpm 
Base Speed [rpm] 405 rpm 405 rpm 
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The efficiencies for continous and peak performance are computed and shown in Figures 
7.3.(a) and 7.3(b) respectively. A peak efficiency of 95.3% was obtained during the 
continous operation. The loss characteristics are discussed in detail in Chapter 8. Using the 
torque speed and efficiency characteristics obtained from the electromagnetic model of the 
proposed PMSM, a drive cycle analysis is performed. 
7.3. Vehicle Dynamics  
Vehicle dynamic simulations reflect real–life driving condiitons and provide information 
regarding torque and speed requirements while subjected to different driving conditions 
[1]. The torque demand is computed based on forces acting on the vehicle. The vehicle 
dynamic equations shown in (7.1)–(7.5) computes the static and dynamic forces that act on 
a vehicle in motion. The main forces can be represented as the drag force associated with 
the aerodynamics of the vehicle and the wind resistance the vehicle is experiencing, the 
static and dynamic tire friction force, force of acceleration that is associated with the  
TABLE 7.2. 2018 FORD FOCUS SPECIFICATIONS 
Symbol Description Value 
ρ Density of air 1.202 kg m  
Cd Drag coefficient 0.33 
Av Frontal vehicle surface area 2.536 m  
v Vehicle speed Varying (m/s) 
frr Rolling resistance coefficient 0.013 
Mv Vehicle mass 1570 kg 
g Gravitational acceleration 9.81 m s  
α Road grade 3° 
rw Wheel radius 0.438 m 
ig Gear ratio 1 
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vehicle’s inertia, and the gravitational force that the vehicle experiences when there is a 
road grade present [2]. The sum of these four forces describes the overall resultant force 




F   C  A  v   (7.1) 






  (7.3) 
   sinG vF M g   (7.4) 
 
v D R A GF F F F F     (7.5) 
where ρ is the density of air, Cd is the drag coefficient, Av is the frontal vehicle surface area, 
v is the vehicle speed, frr is the coefficient of rolling resistance, Mv is the vehicle mass, g is 
gravitational acceleration, and α is the road grade. For this thesis, the proposed PMSM was 
developed for Ford Focus 2018 model. Hence, the corresponding vehicle parameters are 
shown in Table 7.2. 
7.3.1. Drive Cycles 
Drive cycles are series of data points that contain vehicle speed versus time [3]. They are 
created to simulate real–life driving conditions and are most often used for performance 
assessment of an automobile in terms of vehicle mileage and emissions. It is important that 
the components of the vehicle is able to withstand and perform efficiently on suitable drive 
cycles [4]. Therefore, vehicle dynamics are applied to a drive cycle to analyze force that 
acts on the vehicle and analyze the performance in terms of torque speed requirements. The 
Environmental Protection Agency developed UDDS and HWFET to simulate city and 
highway driving conditions respectively. These two drive cycles are standard tests 
conducted in North America for city and highway evalution of cars and light trucks. Apart 
from the standard drive cycles, analysis has been performed for US–06 drive cycle as well. 
This drive cycle represents more aggressive, high speed with rapid speed fluctuations  and 
high acceleration behaviour. The urban cycle displayed in Figure 7.4(a) experiences a 
lower average speed of 34.1 km/h and 23 full stops. The cycle covers a total distance of 
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17.77 km over a duration of 1874 seconds. The highway drive–cycle displayed in Figure 
7.4 (b) has a higher average speed of 77.7 km/h, covering a total distance of 16.45 km, with 
a duration of 765 seconds. The US–06 cycle represents an 12.8 km route with an average 
speed of 77.9 km/h, maximum speed of 129.2 km/h and a duration of 596 seconds as shown 









Figure 7.4. Drive cycles considered for analyzing the performance of the proposed PMSM [5]. (a) UDDS. 
(b) HWFET. (c) US–06. 
7.3.2 Motor Load Charateristics using Vehicle Dynamics Model 
The load or the force is applied at the wheel of the vehicle. This vehicle force must be 
translated to torque and speed point to be delivered by the motor. Positive torque indicates 
that the vehicle is motoring to accelerate or drive at a consistent speed. Negative torque 
occurs when the vehicle is decelerating. In this scenario, the motor acts as a generator and 
is capable of capturing some of the energy to charge the battery through a process called 
regenerative braking. In this thesis, the renegerative points in the drive cycle, during which 
the proposed PMSM must operate as generator, are not analyzed. The tractive force acting 
on the vehicle at one particular instant is converted to torque at the wheels, Tw using the 
radius of the wheel rw as shown in (2.3).  
The transmission system of an EV includes a gear box with fixed gear ratio between the 
motor and the output shaft. This gear ratio is used to scale down the torque and increase 
the speed required by the motor as shown in (2.1). The motor torque Tm and the wheel 
torque Tw are related by the gear ratio ig and the transmission efficiency eta as previously 
discussed in Chapter 2. However, in this thesis, the proposed PMSM is developed for 
direct–drive application that has no gear ratio in the driveline, where ig is unity. Therefore, 
































In a scenario with  transmission efficiency of 100%, the motor has to deliver maximum 
torque. Similarly, the wheel speed is also converted to ouput motor speed using (2.2).   
For UDDS, HWFET and US–06 cycles, the tractive force are computed using (7.1) – 
(7.5) and are converted to torque demand using the wheel radius for vehicle parameters 
shown in Table 7.2. The torque demand from the motor Tm, is later scaled down using 
scaling factor of 15.5 for analyzing these points for  the prototype developed. The scaled–
down torque points and speed points computed for UDDS, HWFET and US–06 cycles 
from the vehicles dymanics model is shown in Figure 7.5.  
7.4. Torque–speed Loading Distribution of Proposed PMSM 
The torque speed points obtained from the vehicle dynamics model were analyzed for 
the proposed PMSM’s characteristics. The torque–speed points obtained for highway, 











Figure 7.6. Torque speed loading distribution for evaluating the proposed PMSM. (a) Torque speed points 
from urban cycle on the characteristics of proposed PMSM. (b) Torque speed points from urban cycle on the 
efficiency map of the proposed PMSM. (c) Torque speed points from highway cycle on the characteristics of 
proposed  PMSM. (d) Torque speed points from highway cycle on the efficiency map of the proposed PMSM. 
speed characteristics of the proposed PMSM and are illustrated in Figures 7.6(a) and 7.6 
(c) respectively. All the points fall well within the torque speed curve of the proposed 
PMSM. Further, analysis of effect of drive cycle points on efficiency maps were conducted. 
Figures 7.6(b) and 7.6(d) shows the urban and highway drive cycle points on efficiency 
maps of the proposed PMSMs respectively. An average efficiency of 92.8 % and 93.08 % 
was observed in proposed PMSM at maximum energy density points of the urban and 
highway drive cycles respectively. 
Similar to the urban and highway cycles, the torque speed points from US–06 cycles 




                                                       (a)                                                                                         (b) 
Figure 7.7. Torque speed loading distribution for evaluating the proposed PMSM for US–06 drive cycle. (a) 
Torque speed characteristics. (b) Efficiency map. 
drive cycles are more aggressive and have high values compared to urban and highway 
cycles. Therefore, the continuous characteristics of the proposed PMSM could not satisfy 
some of the points. However, these points were satisfied by peak characteristcis of the 
proposed PMSM as shown in Figure 7.7. 
7.5. Summary 
In this chapter, performance of the proposed PMSM in terms of torque speed and 
efficiency for continuous and peak charateristics were analyzed. For a vehicle dynamics 
model with vehicle parameters of Ford Focus 2018 model, the torque speed points were 
computed for urban, highway and US–06 cycles. These torque speed points were laid on 
to the charcteristics obtained from the propsoed PMSM. The points for urban, highway and 
US–06 cycles fall well within the characteristics of the proposed PMSM. The efficiencies 
of the machine at maximum energy density points of these cycles were also analyzed. In 
the next chapter, the prototype development of scaled–down proposed PMSM is discussed 
and comprehensive testing of the protyope is performed and results are analyzed. 
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Prototype and Testing of Proposed PMSM 
8.1. Introduction 
In this chapter, prototype development of the proposed PMSM is discussed. Stages of 
development of parts of the proposed machine, such as stator, rotor, PM, housing and 
cooling are discussed along with pictures. Further, for the test facility available at 
CHARGE labs, the prototype testing results are analyzed. Tests for parameter 
determination such as resistances, flux linkage and inductances are performed along with 
no–load test for space harmonics. Load test of the machine as a generator with resistive 
load bank was performed for determining inductances of the machine and to understand its 
characteristics as a generator. Furthermore, the machine is tested for its performance as a 
motor which was driven using a vector space decomposition control scheme under current 
control mode. Performance such as torque–speed characteristics, efficiency map, voltage 
and current maps, torque ripple and torque per PM volume were obtained from the 
experiment and compared with FEA and analytical model developed in Chapters 3 and 6.  
8.2. Prototype Development of Scaled–down 36–slot/34–pole CP FSCW 
Six–phase PMSM 
In this section, detailed prototype development stages are discussed. The steel 
laminations are cut using waterjet cutter. In the water jet cuting process, a very high 
pressure jet of water or a mixture of water and abrasive structure is used to cut the steel. 
Electrical steel material used for stator and rotor is DW310 grade 35. This steel type was 
used due to its easy availability. Based on the computer aided diagrams provided, the stator 
and rotor laminations are cut and stacked together to form the stator core and rotor yoke. 
Stacking of steel laminations are done by cold compressing the individual sheets under 
high pressure. The top and side view of the stator core are shown in Figure 8.1(a) and (b) 
respectively. 
Similar to stator laminations, the rotor laminations are also cut using water jet cutting 
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                                                      (a)                                                        (b) 
Figure 8.1. Stacked stator core. (a) Top view. (b) Side view. 
method and are stacked together to form 34 pole rotor yoke as shown in Figure 8.2. (a). 
The shaft of it is made of silicon steel and is inserted into the rotor by compressing under 
high pressure. The rotor along with the shaft is shown in Figure 8.2. (b).The inner rotor 
diameter of the proposed PMSM is 95 mm. Since a large amount of material had to be used 
for making a fully cylindrical shaft of 95 mm diameter, a spoke type shaft was implemted. 
In the spoke type shaft, 4 spokes are used to connect to a smaller cylinder of 35 mm, thereby 
saving silicon steel consumption. However, manufacturing the spokes and the cylinder 
using silicon steel was a difficult task as identified by the manufacturing company. 
Therefore, the spokes were also integrated to the rotor laminations as shown in Figure. 8.2. 
(a). Due to this change in structure,  no difference in flux path was observed. For the 
              
                                                    (a)                                               (b)                                 (c) 
Figure 8.2. 34 pole rotor yoke with induced steel pole and magnets. (a) Top view of the rotor yoke without 
magnets. (b) Rotor with the silicon steel shaft. (c) Shaped NdFeB45 magnet. 
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magnets, NdFeB45 type was used due to its good magnetis properties and availability. The 
magnets were shaped for an angle of 13 deg as shown in Figure 8.2.(c) and all the 17 
magnets were radially magnetized forming a north pole. The 17 magnets were later inserted 
in to the rotor using epoxy. 
               
                            (a)                                               (b)                                                   (c) 
Figure 8.3. 36 Slot stator with six–phase concentrated windings. (a) Side view of the wound stator core with 
reduced end winding length. (b) Top view of the wound stator core. (c) Copper conductors with diameter of 
0.42 mm. 
Upon manufacturing the stator core with 36 slots, the windings were manually inserted 
into the stator. The windings are made of copper. A slot fill factor of  55% was obtained. 
Each slot consists of 86 conductors in both the layers. A slot insulation paper of 18 micron 
thickness was placed in the slot before inserting the windings. Each of the 86 conductors 
is made of 4 strands of diameter 0.42 mm. The 4 strands of wires are welded together to 
form one conductor. As discussed initially, the purpose of utilizing concentrated windings 
for reducing end winding length in the proposed PMSM is justified as shown in Figure 8.3. 
(a). Total of 12 wires were brought out of the machine. 6 phase wires and 6 neutral wires.  
           
                                                      (a)                                                        (b) 
Figure 8.4. Alumininum cooling and housing.  (a) Helical cooling sleeve. (b) Alumininum housing. 
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An alumininum cooling sleeve with helical structure as shown in Figure 8.4.(a) was placed 
in between the stator core and the aluminium housing. The housing shown in Figure 8.4. 
(b) and cooling sleeve were asssembled along with the stator core using high pressure 
compression techniques. Helical cooling was chosen over axial cooling method as the 
machine has larger diameter compared to stack length and cooling it along the diameter is 
more effective. 
       
                                                      (a)                                                                 (b) 
Figure 8.5. Prototype of the scaled–down proposed PMSM.  (a) Assembled machine. (b) Rotor with magnets 
inserted.  
The overall assembled prototype is shown in Figure 8.5.(a), the rotor with magnets inserted 
is shown in Figure 8.5.(b). 
The following are the uniqueness of the proposed PMSM 
1. Optimized slot–pole combination with minimum torque ripple 
2. Optimal consequent pole rotor for increased torque per PM volume saving PM 
volume and cost  
3. Shaped magnets for reduced torque ripple 
4. Concentrated dual–three phase windings for reducing end–winding length  
5. Reduced material consumption (copper and PM) resulting in reduced weight and 
high torque density (considering the active material weight) 
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8.3. Testing of the Scaled–down Prototype of Proposed PMSM  
In this section, testing of the prototyped scaled–down proposed PMSM has been performed 
using CHARGE labs test bench. The stand still, no–load and load tests are conducted, and 
the performance is analyzed for varying operating conditions. 
8.3.1. Stand–still Tests 
Preliminary tests were performed on the prototype before connecting to the 
dynamometer. Initially, a digital scale was used to measure the weight of the prototype. 
Figure. 8.6. (a) shows the overall weight of the proposed PMSM. The machine along with 
the housing, shaft and the cooling component weights 26 kg. The weight of the rotor and 
shaft without the magnets is shown in Figure 8.6.(b). Weights of magnets, rotor shaft, 
windings, stator and the overall machine is summarized in Table 8.1. Computing the torque 
density with the overall weight of the machine reduces from previously calculated value, 
which was only the weight of active material. This revised computation of research 
objectives namely torque density, torque ripple and torque per PM volume, is discussed 
towards the end of this chapter. 
The phase AC resistance of the machine was computed using Keithley 3330 LCZ meter. 
Figure 8.6.(a) and (b) has the AC resistance of phase E and phase A respectively. All the 
measured phase resistances are summarized in Table 8.2. Where, ‘1’ represents start of the 
          
                                                     (a)                                                                 (b) 
Figure 8.5. Weight measurement of the prototype using digital scale.  (a) Overall weight of the machine. (b) 
Rotor and shaft weight without the magnets. 
153 
 
TABLE 8.1. WEIGHTS OF THE SCALED DOWN PROTOTYPE OF THE PROPOSED PMSM 
Component Weight (kg) 
Overall Prototype 26 
Rotor + Shaft 6 
Magnets 0.66 
Copper Windings 2.29 
Stator  5 
       
                                                     (a)                                                          (b) 
Figure 8.6. Measurement of AC resistance using LCZ meter.  (a) Phase E resistance. (b) Phase A resistance. 
TABLE 8.2. PER PHASE AC RESISTANCE VALUES 
Phase Measured Resistance (Ω)  FEA Resistance (Ω)  
A1–A2 1.374 1.3 
B1–B2 1.345 1.3 
C1–C2 1.36 1.3 
D1–D2 1.371 1.3 
E1–E2 1.303 1.3 
F1–F2 1.367 1.3 
Average Resistance 1.35 1.3 
phase coil and ‘2’ represents finish of the phase coil. The measurement of resistance is 
based on small amount current passed through the phase at 120Hz frequency. The 
machine’s phase resistance is in agreement with the value obtained from FEA which is 1.3 
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Ω per phase. 
Similar, to AC resistance, using the same LCZ meter, the per phase inductance of the 
windings were measured as shown in Figure 8.7. The values of phase inductances obtained 
from measurement and the ones calculated from FEA for unsaturated condition are 
comapred in Table 8.3. The values are in close agreement. There is a slight difference due 
to mutual inductance effect in the measurement. 
        
(a)                                                          (b) 
Figure 8.7. Measurement of inductance using LCZ meter.  (a) Phase D inductance. (b) Phase B inductance. 
TABLE 8.3. PER PHASE AC INDUCATANCE VALUES 
Phase Measured Inductance (mH)  FEA Inductance (mH)  
A1–A2 6.16 6.59 
B1–B2 6.85 6.58 
C1–C2 6.97 6.58 
D1–D2 6.6 6.6 
E1–E2 6.98 6.59 
F1–F2 6.9 6.6 
8.3.2. No–load Test 
The scaled–down prototype was mounted to a baseplate and was connected to a 
programmable dynamometer to perform no–load test as shown in Figure 8.8. The 
dynamometer can be controlled under speed mode using the CHARGE labs testbench. The 
speed of the prototype was varied from 0 to 400 rpm using the dyno and the no–load back 
EMF was observed using an oscilloscope connected to all the six–phase terminals. The 
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Back EMF waveforms obtained at rated speed of 400 rpm is shown in Figure 8.9. The three 
phases, Phase A, Phase B and Phase C are displaced by 120 deg. Electrical and Phase D, 
Phase E and Phase F are shifted by 30 deg from the first phase set. From the back EMF for 
varying speeds until the rated speed, the PM flux linkage was computed and compared with 
the analytical values as shown in Figure 8.10.  
A 0.2 % difference in measured and calculated flux linkage was observed. An average 
flux linkage of 0.135 Wb/m2 was obtained. For the no–load back EMF phase waveforms 
obtained, an FFT was performed to observe the space harmonics spectrum of the proposed 
PMSM. Since the modeling and design was performed to reduce 5th and 7th order space 
harmonics leading to torque ripple, these harmonic orders were compared with the  
 
Figure 8.8. The scaled down prototype of proposed PMSM connected to programmable dynomometer to 






(a)                                                                             (b) 
Figure 8.9. No–load induced voltage waveforms at rated speed of 400 rpm. (a) Phases ABC. (b) Phases DEF. 
Phase A 
Phase C Phase B Phase F Phase E 
Phase D 




Figure 8.10. Comparison of PM flux linkage obtained from no–load test and analytical values for varying 
speeds. 
 
(a)                                                                             (b) 
Figure 8.11. Comparison of space harmonics obtained from experiment and analytical model for varying 
speeds. (a) 5th order harmonics. (b) 7th order harmonics. 
analytical values and are plotted as shown in Figure 8.11. An average of 4% difference in 
analytical and experimental 5th and 7th order space harmonics was observed at rated speed 
of 400 rpm. 
8.3.3. Load Test– Generating Mode 
The prototype coupled to the dyno was connected to a six–phase resistive load bank to 
operate as a generator. The dyno was rotated using the testbench from 0 rpm to 400 rpm 
and for six–load conditions the current demand from the motor was varied. The six load 
conditions under generator operating mode is shown in Figure 8.12(a). In this section, all 




































































Figure 8.12. Comparison of space harmonics obtained from experiment and analytical model for varying 
speeds. (a) 5th order harmonics. (b) 7th order harmonics. 
 
Figure 8.13. Comparison of space harmonics obtained from experiment and analytical model for varying 
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Figure 8.14. Comparison of space harmonics obtained from experiment and analytical model for varying 
speeds. (a) 5th order harmonics. (b) 7th order harmonics. 
understanding. The input torque was observed using a torque transducer connected on the 
shaft between the dyno and the prototype. The input average torque for varying currents as 
a function of speed is plotted as shown in Figure 8.12(b) and is compared using the 
analytical values. The FFT of input torque provided by the dyno is compared with 
analytical values and is shown in Figure 8.13 as a variation of load current. However, this 
does not explain the torque ripple of the prototype. This input torque and torque ripple was 
analyzed only to understand the variations of these parameters with speed. 
The phase current and voltage waveforms obtained for two different load conditions and 
speeds are shown in Figure 8.14. The load test was performed mainly to compute the dq– 
axis inductances of the machine. In case of conventional parameter determination methods, 
the induced emf due to magnets is assumed to be constant with no variations due to external 
magnetization. However, under loading conditions, there is a possibility for the operation 
of the permanent magnets to vary from magnetization to demagnetization regions resulting 
in inaccurate inductance determination. Thus, in order to analyze the machine parameters 
over various loading conditions, considering the influence of armature reaction, load test 
is implemented. This method requires accurate measurement of the machine load angle (δ) 
and hence a position sensor is attached to the rotor shaft. Initially, the machine is operated 
as a generator at no–load condition. The position sensor signal is aligned along the zero–
crossing point of the emf waveform and is taken as the reference point. For the same speed 
operation, the electrical load to the machine is varied in steps. Based on the phase 
displacement of the voltage waveforms from the reference position sensor signal, δ is 
Position Sensor Signal 
Phase Current 




determined and the power factor angle (θ) is determined by the displacement between the 
voltage and current waveforms. Depending on leading or lagging power factor, the Ld and 
Lq can be estimated using (8.1) [4]. Where, Eph is the no–load back EMF and Vph is the load 
terminal voltage, r is the phase resistance and θ is the angle between voltage and current, 
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(a)                                                                             (b) 
Figure 8.15. Comparison of dq–frame inductances obtained from experiment and analytical model for 
varying load currents. (a) d–axis inductance. (b) q–axis inductance. 
 
Figure 8.16. Comparison of generator efficiencies obtained from experiment and analytical model for varying 
































































For the current values obtained at different loads, the dq– axis inductances were 
computed using equations (6.3) and (6.4) and compared with the measured values as shown 
in Figure 8.15. An average difference of 2.3% and 3.4% was obtained between analytical 
and experimental d–axis and q–axis inductances at rated speed. The generator efficiency 
as a function of load currents were calculated from the experimental measurements and 
analytically and are compared as shown in Figure 8.16. 0.3% difference in analytical and 
experimental efficiency was observed at rated speed and maximum load. This efficiency 
of the machine is an optimistic value as the load bank is resistive and the overall power 
factor is high when compared to a motoring operation. 
8.3.4. Load Test– Motoring Mode 
In order to experimentally verify the torque, torque per PM volume and torque ripple for 
a motoring mode, the scaled down prototype was driven using VSD control scheme under 
current control mode. RT–lab controller and IGBT inverter were used to drive the motor 
and with the help of current and voltage sensors, measurements were taken. The 
experimental test setup is shown in Figure 8.17. Before performing the current control on 
the prototype, position offset was computed based on the index pulse obtained from the  
  







Figure 8.18. Phase induced voltage and position sensor signal for PM alignment and position offset 
computation.  
 
Figure 8.19. Comparison of average torque as a function of current angle  obtained from experiment and 
analytical model for a load current of 4.5 A.  
prototype’s encoder as shown in Figure 8.18. The difference in index pulse and the zero 
crossing of back EMF is the position offset. This position offset is given to the control 
program for accurate computation of voltage and currents. 
Upon computing the position offset, for any value of current within rated current of 9.2 
A, a current angle sweep was performed. Since the machine has an induced pole made of 
steel, there is a difference in d–axis and q–axis inductances. Therefore, it is important to 
find the optimal current angle at which the torque due to saliency is maximum. The current 
angle γ is swept from 0 deg to 15 deg and the average torque was obtained from the torque 



























from equation (6.15) and is shown in Figure 8.19. In case of analytical computation, for a 
current of 4.5 A, the maximum torque was obtained at 5.14 deg of current angle, whereas 
during the experiment the maximum torque of 36 Nm was obtained for 5 deg γ. 
The dyno was used to spin the motor from 0 rpm until the rated speed of 400 rpm. For 
each speed condition, keeping the optimal current angle γ as 5 deg, the phase current was 





Figure 8.20. Six–phase current and voltage waveforms from the inverter under VSD control scheme with 
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currents, six–phase voltages and six–phase currents were measured. A sample of six phase 
currents and six–phase voltages for a current of 5 A from the experiment is shown in 
Figures 8.20(a) and (b) respectively. For varying currents, the torque and torque ripple are 
measured experimentally and compared with the values obtained from equations (6.11) and 
(6.12) and TS–FEA as shown in Figure 8.21. The torque and torque ripple comparison 
were performed for rated speed of 400 rpm. 
 
(a)                                                                             (b) 
Figure 8.21. Comparison of torque profile from experiment and analytical model for varying load currents. 
(a) Average torque. (b) Torque ripple. 
There is 4.3% of difference between proposed model and experiment in the torque ripple 
at rated torque of 70 Nm due to approximation of current harmonics in the proposed  
     
(a)                                                                                             (b) 
Figure 8.22. Torque profiles for two loading conditions at rated speed of 400 rpm. (a) Load condition of 1 A. 














































































methodology. However, the average torque from the all three models are similar. 
Previously, in chapter 7, the torque ripple obtained for the optimized proposed PMSM from 
FEA was 1.7 %. However, this value of torque ripple is considering sinusoidal excitations 
to the electromagnetic model. Upon performing the experiment, the current waveforms 
with time harmonics were obtained as shown in Figure 8.20(a). These waveforms were 
given as input to the Electromagnetic model to recompute the torque ripple accurately from 
FEA. The values of torque ripple obtained with time harmonics in current is plotted in 
Figure 8.21(b). Now the torque ripple of the proposed PMSM with the effect of space and 
time harmonics was obtained as 2.6 % which is well within the target of 5 % under rated 
current and speed condition. 
 
(a)                                                                             (b) 
Figure 8.23. Variation of dq1 frame currents as a fucntion of dq1 frame voltages. (a) dq1–axis currents as 
function of vq1. (b) dq1–axis currents as a function of vd1. 
Sample torque profiles at rated speed of 400 rpm for two load conditions are shown in 
Figure 8.21. For first load condition of 1 A, an average torque of 7.5 Nm and a torque ripple 
of 1.65 % was obtained from the experiment as shown in Figure 8.22(a).  For the second 
condition of 9.2 A phase current, an average torque of 69.8 Nm and a torque ripple of 2.5 
% was obtained as shown in Figure 8.22(b).  
A VSD control scheme with sine pulse width modulation (PWM) was used to perform 
current control on the motor [1]–[3]. For this type of control, dual dq– frame model was 
used to compute the voltage to be delivered by the inverter. The dq1 frame in VSD control 
scheme is used for varying the fundamental component of voltage and current that aids in 
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production of average torque. Whereas, dq2 –frame is for controlling the time harmonics 
produced in the currents. [1]. A simple control technique was used for the prototype. 
Therefore, the dq2– frame currents and voltages were kept as zero and the dq1– frame 
currents and voltages were varied to produce the demand torque. The dq1– frame currents 
as a function of vq1 and vd1 is shown in Figure 8.23(a) and (b) respectively. The torque and 
torque ripple under constant torque region was measured and plotted as in Figure 8.24(a) 
and (b) respectively. The focus of this thesis was to improve the torque profile for a direct–
drive application under constant torque region. The torque for varying speeds until rated 
speed of 400 rpm varies from 7.5 Nm to 69.8 Nm. The continuous torque obtained from 
the experiment is in close agreement with the values obtained from FEA of the 
electromagnetic model. The torque ripple % map for varying torque and speeds until rated 
condition is show in Figure 8.24(b). The torque ripple for low torque is the range of 1.6% 
to 1.8 %. With the increase in currents and speed, the maximum torque ripple of 2.5 % is 
obtained at rated conditions due to increase in speed harmonics and time harmonics 
magnitudes. 
 
(a)                                                                             (b) 
Figure 8.24. Torque profile obtianed from experiment of proposed PMSM. (a) Torque vs speed curves until 
rated speed of 400 rpm. (b) Torque ripple map for torque –speed variations. 
Since the prototype was developed for low speed direct–drive application, speed–based 
losses such as core and mechanical losses contribute to small percentage of the overall 




















of the machine. The motoring efficiency of the machine under constant torque region 
obtained from experiment is shown in Figure 8.25 (a). For varying torques from 7.5 Nm to 
70 Nm, the efficiencies from analytical model, FEA and experiment are compared and 
plotted as in Figure 8.25(b). An average of 3.1% of difference in efficiency between 
measured and calculated values was observed. This difference is due to negligence of 
harmonic losses in the calculated values and also due to approximate computation of power 
factor in the experiment. A maximum efficiency of 93.3 % was obtained under the constant 
torque region. 
 
(a)                                                                             (b) 
Figure 8.25. Efficiency map under contant torque region obtianed for varying speeds from experiment. (a) 
comparison of efficiency from experiment, FEA and anlytical model for varying torques.  (b) Efficiency map 
under constant torque region. 
For a rated torque condition, the torque per PM volume was computed for a conventional 
SPMSM, Proposed PMSM from experiment and analytical model and are compared as 
shown in Figure 8.26. From the proposed PMSM, a 37 % improvement in torque per PM 
volume was observed compared to a conventional SPMSM. From the experiment values, 
the research objectives of this thesis were recalculated and were compared with 
commercially existing EVs as shown in Table 8.4. Compared to a commercially existing 
EV motor, the proposed PM has six phases and a novel rotor topology for saving rare earth 
magnets.  
The torque per PM volume has significantly improved. However, previously in Chapter 























Figure 8.26. Comparison torque per PM volume in conventional SPMSM, proposed PMSM experiment and 
analytical values. 
addition of weight due shaft, housing and cooling components, the torque density of the 
motor has reduced to 6 Nm/kg. Due to not optimized housing structure, the torque density 
has been reduced but is within the commercial EV motor range of 5 to 8 Nm/kg. Even with 
addition of time harmonics to the preciously computed torque ripple, the final torque ripple 
in the machine was obtained as 2.6 % which is well within the target of 5%. 






























Commercially Existing EV 
Motors 
Proposed Motor 




Rotor Type Surface PM/ Interior PM 
Consequent Pole 
Rotor 
PM volume per unit 
torque 
~ 1.496 x 10–6 m3/Nm 8.71 x 10–7 m3/Nm 
Torque Density 5~ 8 Nm/kg 6 Nm/kg 




In this chapter, the prototype development of the proposed PMSM was illustrated. For 
the scaled down prototype using the CHARGE labs test bench, a comprehensive testing 
was performed. Stand still tests were conducted to compute weight of the prototype and to 
find resistance and inductance of the machine. Further, no–load test was performed until 
the rated speed of 400 rpm to compute the PM flux linkage and space harmonics in the 
machine. These values were compared with analytical results and were in close agreement. 
Furthermore, load tests in generating and motoring mode were performed on the prototype. 
For the generating mode, the prototype was connected to a load bank and for varying 
speeds, the currents, voltages and input torque was measured. Using these values, the dq–
frame inductances were computed for the prototype. For motoring mode, a VSD control 
scheme was implanted using RT–lab controller. For varying speeds under constant torque 
region, initially optimal current angle to obtain maximum torque was performed. Later 
using the optimal current angle, the six–phase frame voltages, currents, torque profile and 
efficiency was obtained from the experiments. The research objectives of torque per PM 
volume, torque ripple and torque density were calculated from the experiment and was 
compared with commercially existing EV motors. The torque ripple has reduced by 48% 
in the proposed PMSM and the torque per PM volume has increased by 37% when 
compared to existing conventional traction EV motors. However, due to weight added by 
non–optimized parts of the prototype such as housing, shaft and cooling components, the 
torque density reduced to 6 Nm/kg but is within the range of commercially existing motors. 
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Conclusion and Future Work 
9.1. Conclusions 
In this thesis, a novel extended dq–frame based model for torque and torque ripple has 
been proposed for a CW PMSM considering higher order space harmonics. Using the 
proposed model, a novel six–phase consequent pole concentrated wound PMSM has been 
developed for direct–drive EV application. The proposed scaled–down PMSM has high 
torque per PM volume and low torque ripple when compared to a conventional SPMSM. 
From the proposed PMSM, a 37% improvement in torque per PM volume and 40% 
reduction in torque ripple was observed compared to a conventional PMSM. Although 
summaries are presented in the end of chapters 2–7, conclusions of all the chapters in this 
dissertation are as below: 
Chapter 1 discussed the state–of–the–art electric motor and transmission technologies 
used in commercially available EVs and justified the need for the proposed EV architecture 
with direct–drive scheme. SPM rotor topology and CW stator topology were selected for 
baseline machine. 
Chapter 2 presents the design targets for a vehicle dynamics model of converted Ford 
Focus EV as direct drive. A closed form analytical model is used to determine the initial 
structural and parametric values of the baseline PMSM. Further, a comprehensive 
comparative analysis of 3– phase and 6–phase machine for direct–drive EV is performed. 
As a result of the comparison, a 6–phase configuration is selected due to high fault 
tolerance, high torque density and low torque ripple compared to its 3–phase counterparts. 
Chapter 3 presents a novel extended dq–frame based torque and torque ripple model for 
CW PMSM that can be used for any phase number. The model incorporated higher order 
space harmonics in PM flux linkage and inductance for accurate computation of torque and 
torque ripple. This torque profile model was experimentally validated for a laboratory CW 
PMSM. The average torque and torque ripple obtained from the proposed model were in 
close agreement with the values obtained from experiment. 
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Chapter 4 presents a novel EMF and inductance harmonics factors. Using adaptive 
gradient descent algorithm, an optimal slot–pole combination of 36–slot/34–pole with 
minimum EMF and inductance harmonic factors was selected for 6–phase CW SPMSM. 
Chapter 5 presents investigation of phase angle displacements between the six–phases 
of the stator windings. A comparison of six different conventional and non–conventional 
phase displacements were performed in terms of torque, flux linkage, torque ripple, 
demagnetization and edge force density on the machine. 30 deg. phase displacement 
between two three phase sets was found to have better performance characteristics 
compared to other phase angle displacements. However, the 30 deg. phase displacement 
was prone to demagnetization under short–circuit conditions. 
Chapter 6 presents a novel consequent pole rotor topology for improving torque density 
and torque per PM volume. The CP PMSM was further optimized for improvement in 
torque profile using advanced design optimization technique. In the proposed optimization 
technique, a combined extended dq–frame based torque model and support vector 
regression as used to optimize the machine. Using the proposed optimization technique 
saved computational time with increased accuracy. Further the optimized CP PMSM was 
modelled using magnetic equivalent circuit and the magnet pole arc was shaped to reduce 
torque ripple even further. 
Chapter 7 presents the final performance characteristics of optimized scaled–down 
proposed PMSM. The torque–speed characteristics obtained from the proposed PMSM 
was analyzed for drive–cycle torque speed points. Highway, urban and US–06 cycles were 
used for analysis. The scaled–down proposed PMSM satisfied all the drive cycle points 
and the efficiency of the proposed PMSM for these drive cycles were discussed.  
Chapter 8 presents the development of scaled–down prototype of the proposed PMSM. 
No–load tests, stand still test tests and load test for generating and motoring mode for 
constant torque region was performed. The average torque and torque ripple computed 
from the proposed model was compared with the experimental results. There is 4.3% of 
difference between proposed model and experiment in the torque ripple at rated torque 
condition due to approximation of current harmonics in the proposed methodology. 
However, the average torque from both the models are similar. The torque per PM volume 
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has improved and the torque ripple has reduced compared to commercially existing EV 
motor. However, due to unoptimized housing and shaft structure, additional weight has 
been added on the machine thereby reducing the torque density to 6 Nm/kg which is still 
within the range of torque density in commercially available EV motor. 
Hence, to conclude, this dissertation through novel research contributions show that the 
proposed PMSM with high torque density, high torque per PM volume and low torque 
ripple for direct–drive scheme is worth researching for improvement and 
commercialization in future.  
9.2. Suggested Future Work 
1) As seen from Chapter 5, the proposed winding configuration is prone to 
demagnetization. Therefore, a detailed modelling of demagnetization in the scaled–
down proposed PMSM can be developed. This model can be used for improving the 
demagnetization characteristics under short circuit conditions. 
2) Temperature variation for continuous and peak operations of the proposed PMSM 
can be studied and modeled. Based on the temperature analysis, an optimized cooling 
technique can be proposed for reducing weight of the cooling component and 
performing the cooling operation for high torque regions. 
3) To improve the torque density of the proposed scaled–down PMSM, advanced 
lightweight materials such as carbon composite can be studied and implemented for 
the housing and shaft. The housing structure should be optimized for reducing the 
size and weight of the prototype. 
4) Modular winding structure for CW with slotless stator can be implemented for 
reducing the steel usage and improving torque density. 
5) Test the scaled down proposed PMSM beyond the rated speed and analyze the field 
weakening performance. 
6) Development of full–scale prototype with improved housing, shaft and cooling 
structures along with improved demagnetization performance. 
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